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: k) Fluorescent view of cells hybridized with SRB 660 probe. 
l) DAPI view of the same area m) Fluorescent view of cells 
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: e) Fluorescent view of cells hybridized with SRB 129 probe. 
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MARMARA DENİZİNİN ANOKSİK SEDİMENTLERİNDEKİ SÜLFAT 
İNDİRGEYEN BAKTERİYAL POPULASYONUN FLORESANLI 
İŞARETLENMİŞ OLİGONÜKLEOTİD PROBLAR KULLANILARAK 
BELİRLENMESİ VE SAYILMASI 
ÖZET 
 
 Sülfat indirgeyen bakteri (SİB) belkide dünyadaki en eski yaşam formlarından 
biridir. Jeolojik kaya bulgularına göre bu grup dünya atmosferindeki oksijen miktarının 
az olduğu zamanlardan kalma bir milyar yıl öncesinin izlerini taşımaktadır. İlk SİB 
bulgularına 3400 yıllık pyrite minerallerinde (FeS2) rastlanmıştır. Ekstrem fiziksel ve 
kimyasal şartlara kolay adapte olabilmesi nedeniyle global jeokimyasal çevrimlerde 
önemli rol oynar. rRNA dizisi analizi SİB türünü 4 farklı gruba ayırır: Gram-negatif 
mezofilik SİB; Gram-pozitif spor oluşturan SİB; Termofilik bakterial SİB; ve Termofilik 
arkeal SİB.  
Bu çalışmada, Marmara Denizi’ndeki farklı noktalardan alınan (Gemlik Körfezi 
İzmit Körfezi -Iz17, Iz25- ve Küçükçekmece) anoksik sediment örneklerindeki sülfat 
indirgeyici bakteriler floresanlı yerinde hibritleşme (FISH) ile sayıldı. Ayrıca sediment 
örneklerinin organik ve inorganik içerikleri araştırıldı  ve sonuçlar sediment örnekleri 
bakterilerin topluluk yapısıyla tarıtışıldı. 
Deniz sedimentlerindeki mikroorganizmaların geçirgen hale getirilmesi zor 
olmasına rağmen, Gemlik Körfezi, Izmit Körfezi (Iz17), Izmit Körfezi (Iz25) ve 
Küçükçekmece’den alınan sedimentlerdeki DAPI ile boyanmış toplam 
mikroorganizmaların sırasıyla 67%±8%, 62%±5%, 77%±11% ve 80%±7%’i universal 
 xi
prob kullanılarak tespit edildi. FISH sonuçlarına göre Gemlik Körfezi, Izmit Körfezi 
(Iz17), Izmit Körfezi (Iz25) ve Küçükçekmece’den alınan sedimentlerdeki bakteriyal 
hücrelerin göreceli bolluğu sırasıyla 51%±9%, 73%±11%, 64%±8% ve 80%±12%’dir. 
Yine FISH sonuçlarına göre Gemlik Körfezi, Izmit Körfezi (Iz17), Izmit Körfezi (Iz25) 
ve Küçükçekmece’den alınan sedimentlerdeki sulfat indirgeyici hücrelerin göreceli 
bolluğu sırasıyla 23%±2%, 30%±6%, 22%±3% and 21%±5%’dir. Bu sonuçlar Marmara 





















USE OF FLUORESCENTLY LABELLED OLIGONUCLEOTIDE PROBES FOR 
IDENTIFICATION AND QUANTIFICATION OF SULPHATE REDUCING 




Sulfate reducing bacteria (SRB) may be one of the oldest forms of life on Earth. 
They can be traced back billions of years in the geologic rock record to the Early 
Archean (3900 to 2900 million years ago), when oxygen concentrations in Earth’s 
atmosphere were low. Ancient SRB left their first mark on their environment in pyrite 
minerals (FeS2) as old as 3400 million years. Today, these microorganisms are 
widespread in marine and terrestrial aquatic environments. Their ability to adapt to 
extreme physical and chemical conditions enables them to play an important role in 
global geochemical cycles. Analysis of  rRNA sequences has allowed organization of 
the various SRB species into four distinct groups: Gram-negative mesophilic SRB; 
Gram-positive spore forming SRB; Thermopilic bacterial SRB; and   Thermopilic 
archaeal SRB. All of these groups are characterized by their use of sulfate as a terminal 
electron acceptor during anaerobic respiration.  
In this study, sulfate reducing bacteria within the anoxic sediment samples of the 
Marmara Sea taken from different regions (Gemlik Bay, Izmit Bay -Iz17, Iz25- and 
Kucukcekmece) were quantified using Fluorescent in situ hybridization (FISH). Organic 
 xiii 
and inorganic content of the sediment samples were also investigated and the results 
were discussed along with the bacterial community structure of the sediment samples. 
Although it is difficult to permeabilize microorganisms in the marine sediments, 
67%±8%, 62%±5%, 77%±11% and 80%±7% of DAPI stained total microorganisms in 
sediments from Gemlik Bay, Izmit Bay (Iz17), Izmit Bay (Iz25) and Kucukcekmece 
respectively were detected using universal probe in this study. According to FISH 
results, relative abundances of bacterial cells within the sediments from Gemlik Bay, 
Izmit Bay (Iz17), Izmit Bay (Iz25) and Kucukcekmece are 51%±9%, 73%±11%, 
64%±8% and 80%±12% respectively.  According to FISH results, relative abundances 
of sulfate reducing bacterial cells within the sediments from Gemlik Bay, Izmit Bay 
(Iz17), Izmit Bay (Iz25) and Kucukcekmece are 23%±2%, 30%±6%, 22%±3% and 
21%±5% respectively. These results revealed that there are active sulfate reducing 





Methane producing archaeal and sulfate reducing bacterial species removes 
most of the organic pollutants from the anoxic marine environments (Madigan et al., 
2002).  Therefore, identification and quantification of sulfate reducing bacteria 
species is a very important subject to understand and control biodegradation 
processes occurring in the anoxic marine environments.     
More than 50 percent of the earth’s surface is covered by deep-sea sediments 
that are primarily formed through the continual deposition of particles from the 
productive ocean surface (Vetriani et al.; 1999). Much of the organic input into the 
oceanic sediments is recycled by the benthic microbial communities (Aller et al., 
1998). Although several recent studies have focused on the characterization of 
microbial communities involved in carbon and sulfur cycling in costal benthic 
environments (Devereux and Mundfrom, 1994; Gray and Herwig, 1996; Llobet- 
Brossa et al., 1998; Teske et al., 1996), microbial populations in deep-sea sediments 
remain poorly studied. 
Several attempts to describe microbial communities in marine sediments have 
already been made (Rochelle et al.. 1994; Llobet- Brossa et al., 1998; DeLong et al., 
1989). Most of these have been based on cultivation (Delille, 1995; Jorgensen and 
BAK, 1991; Parkes et al., 1995) and were therefore subject to restrictions and biases 
leading to a distorted representation of the true community composition (Amann, 
1995). Since only 0.001 to 1 percent of existing bacteria are cultivable (Ward et al., 
1990), investigators have turned to modern molecular tools based on the PCR and 
phylogenetics of the 16S rRNA gene (Weisburg et al., 1991; Ward et al., 1992.; Falz 
et al., 1999.; Paul, 2001). 
Molecular techniques have greatly increased our knowledge on marine 
microbial diversity. For example, 16S rRNA libraries of marine plankton (Gonza΄Lez 
and Moran, 1997; Rappe΄ et al., 1997) and sediment (Gray and Herwig, 1996) 
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suggested the presence of uncultured organisms. Techniques such as reassociation 
analysis of DNA, denaturing gradient gel electrophoresis (Teske et al., 1996), and 
restriction fragment length polymorphism have yielded insight into bacterial diversity 
and community composition. However, phylogenetically based oligonucleotide 
hybridization techniques permit not only the monitoring of individual phylogenetic 
groups but also a quantification of their abundance in the natural habitats (Amann, 
1995). Marine sediment microbial diversity has been studied by using the quantitative 
slot blot hybridization technique (Devereux et al., 1996). However, these results can 
not be directly translated into cell numbers because of the differences in absolute 
rRNA content per cell among the different members of the community (Amann, 
1995). In situ hybridization with rRNA-targated fluorescent oligonucleotide probes, 
in contarst, permits the identification and quantification of individual cells (Amann 
1995) and has demonstrated great power in the analysis of bacterial community 
composition in several environments (Glockner et al., 1996; Ramsing et al., 1996)  
16S rRNA targeted oligonucleotid probes have been designed to detect groups 
of sulfate-reducing bacteria (SRB) (Devereux et al., 1992) and used succesfully to 
demonstrate the presence of SRB in such diverse habitats as anerobic biofilms (Kane 
et al., 1993; Raskin et al., 1996), marine, estuarine and freshwater sediments (Sahm et 
al., 1999; Purdy et al., 1997; Trimmer et al., 1997), activated sludge flocs (Manz et al., 
1998) and salt marshes (Rooney-Varga et al., 1997).  
The SRB are a diverse group of anaerobic bacteria that have the ability to use 
sulfate as a terminal electron acceptor in the consumption of organic matter, with the 
concomitant production of H2S (Purdy et al., 2003). They are ubiquitous in the 
environment and have pivotal roles in the biogeochemical cycling of carbon and 
sulfur. Sulfate reduction could be responsible for up to 50 percent of organic matter 
degradation in high-sulfate environments such as estuarine and marine sediments 
(Jorgensen, 1982; Lovley et al., 1982). 
Finding sulfate reducers in marine sediments is not a surprise, since sulfate is 
a favored terminal electron acceptor in this environment. Widdel, has isolated and 
characterized metabolically diverse species of sulfate reducers from marine sediments 
(Widdel and Pfennig, 1981). Molecular approaches have been used previously to 
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describe the diversity of SRB in marine environments since sulfate reduction is a 
major role of organic matter mineralization in these environments (Upton et al., 1993). 
A number of studies have indicated that marine sediments are inhabited by a great 
diversity of SRB, and new sequences and groups are presently being described 
(Devereux et al., 1992; Rooney-Varga et al., 1998)  
In recent years, there are several studies in which FISH technique is 
successfully applied for SRB in many samples of marine sediments (Bowman et al., 
2003; Reitner et al., 2003; Treude et al., 2003; Vetriani et al.. 2003; Llobet –Brossa et 
al., 2002; Michaelis et al., 2002; Nauhaus et al.,2002 ; Teske et al., 2002; Orhan et al., 
2001; Purdy et al., 2002; Purdy, 2000; Boetius et al., 2000, Hinrichs et al., 2000; 
Ravensehlag et al., 2000; Valentine and Reeburgh, 2000; Hinrichs et al., 2000; 
Ravensehlag et al., 2000; Valentine and Reeburgh, 2000; Hinrichs et al., 1999; 
Vetrani et al., 1998; Devereux et al., 1990, Devereux et al., 1998; Capone and Kiene, 
1998). These studies provide precious information about the structure, dynamics and 
function of this group of microorganisms.  
The Marmara Sea is a small intercontinental basin connecting the Black Sea 
and the Aegen Sea with the size of 70 x 250 km. The Marmara Sea is a critically 
polluted waterbody, subject to a multitude of wastewater discharges from major land-
based sources located along the coastline, including the Istanbul metropolitan area 
and dispersion of petroleum hydrocarbons originated from various sources. 
Accumulation of organic matters and petroleum hydrocarbons cause depletion of 
oxygen in the deep water. Therefore, some locations in the Marmara Sea have 
became anoxic.  
Thus, in this study, bacterial community in anoxic sediments from the 
Marmara Sea were quantified using cultivation independent molecular methods. 
Sulfate reducing bacteria within the sediment samples were quantified using 
Fluorescent in situ hybridization (FISH). Organic and inorganic content of the 
sediment samples were also investigated and the results were discussed along with 






2. THE AIM OF THE STUDY 
The Marmara Sea is a critically polluted waterbody, subject to a multitude of 
pollutant discharges from various sources. Accumulations of organic matters have 
been causing depletion of oxygen in the deep water, and some locations in the 
Marmara Sea have became anoxic. Methane producing archaeal and sulfate reducing 
bacterial species remove most of the organic pollutants from the anoxic marine 
environments (Madigan et al., 2002).  Therefore, identification and quantification of 
sulfate reducing bacteria species is a very important subject to understand and control 
biodegradation processes occurring in the anoxic marine environments. 
The aim of this study is to investigate the distribution, quantify and identify of 
sulfate reducing bacteria (SRB) in anoxic sediments from the Marmara Sea using 
cultivation independent molecular methods. Sulfate reducing bacterial within the 
sediment samples were quantified using Fluorescent in situ hybridization (FISH). 
Organic and inorganic content of the sediment samples were also investigated and the 



















3. THE MARMARA SEA 
3. 1. General Characteristics of The Marmara Sea 
The Marmara Sea is a small (size ≈ 70 x 250 km) intercontinental basin 
connecting the Black Sea and the Aegen Sea. The deepest water is in an underwater 
through that extends 1300 meters below the surface. This basin is a part of the North 
Anatolian fault, putting the area at risk for earthquakes. The Istanbul coast is 
relatively straight with few natural harbors. The sea products are very rich in their 
diversity due to currents and fish migrations that made Istanbul a fishing center. 
Fishing is now limited to the Black Sea for different varieties found there and lobsters 
and shellfish off the coast of the Marmara. Both sources of fish seem to be dwindling 
due to pollution of the water and over fishing through the years.  
Black Sea and the Aegean Sea via the Bosphorus Strait and the Dardanelles 
influence on the oceanographic features (chemical, biological) of the basin. A large 
number of wastewater discharges to the Marmara Sea from different points. The 
basin receives a total of 1.9x106 tons of TOC (total organic carbon) and 2.7x105 tons 
of TN (total nitrogen) per year from the Black Sea inflow. Pollution loading from 
Istanbul alone, the biggest city of Turkey in population and industry, makes up the 
major portion (40–65%) of the total anthropogenic discharges (Tugrul and Polat, 
1995).  
Anthropogenic activities in the coastal area of the north Marmara Sea include, 
urban effluent, summer resorts (untreated effluent discharged into the sea), 
agricultural run off, sunflower oil factories, a big cement factory, fishing and 
shipping (Ozturk et al., 2000). In addition of them, several thousand ton oil is carried 
and the result of this traffic there is an important risk as tanker accident. The 
Bosphorus Strait is a constant threat to the marine ecosystem. In the past, a lot of 
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tanker accident occurred in not only the Bosphorus Strait, but also the Marmara Sea. 
Some examples of them are Volgoneft (1999), TPAO explosion (1997). With the 
tanker traffic of several thousand ton oil carrying vessel per day via the Bosphorus 
Straits the Marmara Sea environment is constantly threatened. Another negative 
impact of shipping on the coastal benthic ecosystem seems to be the recent 
appearance of exotic species such as the manila clam Tapes philippinarum (Albayrak, 
2005). 
A fundamental compartment of any aquatic ecosystem is the benthic environment. 
Bottom sediments are the final sink for many anthropogenic contaminants and they 
can accumulate great amounts of organic matter affecting the oxygen content of the 
bottom water (Venturini et al., 2004). Frequently, there is a positive correlation 
between organic carbon and the contaminant level in coastal marine sediments. 
Content of organic carbon (TOC) in the sediment can be an indicator of pollution 
(Shine and Wallace, 2000; Hyland et al., 2005). There is a need for versatility in the 
use of indicators of biological change, in order to compensate for the effects of local 
variability in natural and anthropogenic sources of disturbance (Rees et al., 2005). 
The Marmara Sea is a critically polluted waterbody, subject to a multitude of 
wastewater discharges from major land-based sources located along the coastline, 
including the Istanbul metropolitan area. The water quality measurements indicate 
severe signs of present and future eutrophication problems (Orhon, 1995) due mostly 
to the inputs from the Black Sea.  
The identified species are typical for this location. That is the community 
composition has elements from the rich Aegean Sea and the poor Black Sea faunas. 
The diversity and number of species reflects not only the type of substratum, sandy 
(11–23 species per 0.1 m2) to muddy (4–24 species per 0.1 m2) but also the impact of 
anthropogenic stress the sites receive (Albayrak et. al, 2006).  
The impact of Istanbul’s urban and industrial effluent is also apparent in the TOC. 
TOC content of sediment varied from 2.1 mg/g to 22 mg/g. Highest average TOC 
content value (12.5 mg/g) was detected at Büyükçekmece transect (near Istanbul) by 
Albayrak et al. (2006). 
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3. 2. Hydrography of the Marmara Sea 
The Black Sea is connected with the Mediterranean Sea by the so-called Turkish 
Strait System: the Bosphorus Strait (length: ~30 km; width: ~0.7–3.5 km); the small 
basin of the Sea of Marmara (size: ~70 km x 250 km) and the Dardanelles (length: ~70 
km; width: ~1.3–7.0 km), see in the Figure 3.1.  
 
 
             Figure 3.1: The location map for the components of the Turkish Strait 
System 
 
Flows through the Turkish Straits are driven by the density diﬀerences between 
the Black and the Aegean Seas and the maintained net level diﬀerence between these 
seas (Stashchuka, N., Hutter, K., 2001). The Black Sea waters enter the Marmara Sea 
through the Bosphorus upper layer flow and exit the Sea from the Dardanelles Strait. 
Likewise, the Aegan water enter the Sea through the Dardanelles Strait lower layer 
flow and exit to the Black sea with the Bosphorus underflow (Besiktepe et al., 1994). 
In the mean, the Black Sea water with salinity ~17.8 ppt,  flowing through the 
Bosphorus as a surface layer, enters the Sea of Marmara with ~19.4 ppt salinity. 
While crossing the Sea of Marmara, its salinity increases additionally by nearly 6 ppt. 
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After increasing by yet another 4 ppt, it exits from the Dardanelles with a salinity of 
29.6 ppt. On the other hand, the Aegean water with a salinity of 38.9 ppt when 
entering the Dardanelles, traverses the strait with little changes in its salt content. 
Within the Marmara basin a reduction in the salinity of this water of nearly 2 ppt is 
observed. After a further dilution by another 2 ppt; while being transported through 
the Bosphorus, the Mediterranean waters enter the Black Sea with a salinity of nearly 
35 ppt (Figure 3.2.) (Stashchuka, N., Hutter, K., 2001). 
The Marmara Sea is made up of two layers of water with either Black Sea or 
Mediterranean Sea origin, separated by a sharp interface. The upper layer has a 
volume of 230 km3 and an average renewal time of 4-5 months. The lower layer has a 
volume of 3378 km3 and an average renewal time of 6-7 years (Besiktepe et al., 2000). 
The circulation of the Marmara Sea is controlled seasonally by the strength of the 
surface jet entering from the Bosphorus ( a result of the differences of density and 
barometric pressure and sea level in the adjacent seas) and the local wind stress 
distribution. The surface circulation is mainly composed of a clockwise circulation. 
The dense water entering from the Dardanelles Strait sinks to the depths of the 
Marmara Sea, reaching the bottom in winter and possibly transiting through 
shallower depths in other seasons, as a function of the initial density difference 













Figure 3. 2:. In March 1992  (a) salinity distribution of the Marmara Sea at 5m depth and 
(b) through  main west-east axis 
 
Mediterranean water, entering from the Dardanelles, supply the suhalocline layer. 
The negatively buoyant plume of well-oxygenated water is the only means of renewal 
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of the deep waters, partially compensating for the oxygen consumed by the 
degradation of organic matter sinking from the upper layer into the lower layer. Yet 
the subhalocline waters remain permanently deficient in oxygen, as a result of the 
internal balances of diffusion, advection and consumption. The depth to which the 
plume penetrates is a function of the seasonal characteristics of the inflow density 
(modified in the Strait) and the weak interior stratification. (Besiktepe et al., 1994) 
The moderate wind climate of the Marmara region is strongly influenced by land 
topography. The entire region of low lying topography surrounding the Turkish Strait 
Systems is a passageway for cold wind system from the north, and for cyclones 
moving from the Aegean into the Black Sea. The topographies of the valleys of the 
Bosphorus and Izmit Bay locally influence wind direction. The daily average wind 
speed is 4 ms-1. Strong wind events with typical ppeds of 8-25 ms-1 and durations of 
about 16 hours occur in winter. Moderate northeasterly and southeasterly winds are 
common during summer. The air temperature is coldest and precipitation highest 
during January. Warmest temperatures coincide with minimum precipitation during 
July. The sea surface temperature follows the air temperature with a lag of about one 
month reaching a minimum in February, and a maximum in August. (Besiktepe et al., 
1994) 
3. 3. Chracteristics of the Locations Studied 
3. 3. 1. Izmit 
Izmit Bay, located south of Istanbul on the southeast of the Marmara Sea (Fig. 
1), is the centre of burgeoning industrial development accompanied naturally by a 
rapid growth of population (Tolun et al., 2001). With its east–west elongated shape, 
Izmit Bay is located in northeastern Marmara Sea, latitudes 40º41´–40 º 47´ N, 
longitudes 29 º 21´–29 º 57´ E (Figure 3. 3). It is an important semi-enclosed 
embayment, and has been strongly affected by growing population and 





Figure 3. 3 The Sea of  Marmara and İzmit Bay 
Izmit Bay is an elongated semi-enclosed water body with a length of 50 km, 
width varying between 2 and 10 km and has an area of 310 km2. The bathymetry of the 
Bay constitutes three sub basins separated by shallow sills from each other (Balkıs, N., 
2003). It consists of three sections (western, central and eastern), connected to each 
other by narrow openings ( Pekey, H., in press). The eastern basin is relatively shallow 
(at about 30 m) whereas the central basin has two small depressions with depths of 160 
and 200 m. The western basin deepens westward from 150 to 300 m and connects the 
Bay to the Marmara Sea. Izmit Bay is oceanographically an extension of the Marmara 
Sea, having a permanent two-layered water system. The upper layer originates from less 
saline Black Sea waters (18.0–22.0 psu), whereas the lower layer originates from the 
Mediterranean Sea waters which are more saline (37.5–38.5 psu). A permanent 
stratification occurs at about 25 m in the Marmara Sea (Bessiktepe et al., 1994), however 
it is highly variable in Izmit Bay. The thickness of the upper layer changes seasonally 
from 9 to 18 m spring and autumn, respectively. The upper layer enters into the Bay in 
spring and summer, corresponding to the freshwater inflow changes in the BlackSea, 
while the lower layer flows to the Marmara Sea from the Bay. However, the upper layer 
flows towards the Marmara Sea in autumn and winter Vertical mixing of the two layers 
is restricted and occurs at shallow depths. An intermediate layer develops throughout the 
year in the water column of the Bay with varying thickness. The upper layer of Izmit 
Bay, in general, is saturated with dissolved oxygen (DO). DO concentrations in the 
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lower layer of Izmit Bay have been found to be 2.5–3.0 mg l-1 in winter and spring 
periods and 0.7– 1.5 mg l-1  in summer, in previous studies. Minimum DO 
concentrations have been measured locally in the central basin (0.1–0.2 mg l-1) and in 
the eastern basin (0.5 mg l-1) during spring–summer period. (Balkıs, N., 2003). Table 3.1. 
and Table 3.2. shows some physical and chemical features of the Izmit Bay. 
 
Table 3. 1. Some physical features of the Izmit Bay (from Basturk et al., 1985) 
 
 
Table 3. 2. Some physical and chemical features of Izmit Bay (March, 1999-September, 
2000). 
 
There are no major rivers entering the Bay, with the exceptions of small streams from 
the east end and northern coasts. The estimated annual freshwater and solid inputs are 15 
606 m3 day-1 and 300 tonnes day-1, respectively. The annual precipitation is 783 mm and 
the evaporation from the surface of the Bay is about 600 mm annually. The tidal 
 13 
amplitude is very low, ranging between 8 to 10 cm. Subtidal sea-level fluctuations in the 
Sea of Marmara occur dominantly at time scales greater than 10 days and are highly 
coherent for subtidal frequencies in the Aegean Sea. Most of sea-level changes are 
produced by the NE-SW wind. The regional and wind regimes influencing the Bay are 
dominated by easterlies in summer and autumn and south-easterlies in winter. Izmit Bay 
has a two-layer water system which is an extension of the Sea of Marmara where more 
saline Mediterranean waters (37•5–38•5, using the Practical Salinity Scale) and less 
saline Black Sea waters (18•0–22•0) form a permanently strong stratification. The sharp 
density interface driven mainly by the salinity difference between these two water types 
occurs at about 25 m. The oceanographic characteristics of th Sea of Marmara and 
meteorological conditions of the region influence the movement of water bodies in Izmit 
Bay. Less saline surface-water of Black Sea origin from the Sea of Marmara enters into 
the bay in spring and summer, corresponding to the freshwater inflow changes in the 
Black Sea. In autumn and winter, however, water of the upper layer flows towards the 
Sea of Marmara. Wind-induced vertical mixing between upper and lower layers is 
restricted and occurs only at shallow depth. (Algana et al., 1999). 
Several industries have been developing rather rapidly around the bay. In addition 
to untreated or partly treated  domestic wastes originating from the increasing 
population, the substantial industrial development, the heavy maritime traffic and the 
agricultural activities in the surrounding areas have caused a considerable pollution 
burden. Furthermore, some factory and urban sewage systems were damaged by the 
earthquake of August, 1999. The bay ecosystem was strongly affected by the quake 
and subsequent refinery fire, as were the settlements and industrial regions. (Aktan 
and Aykulu, 2005). 
The commissioning of more than 140 large industrial plants since 1965 and, in 
particular, the consequent urbanisation of the coastal landscape have completely 
destroyed the previous serenity of Izmit Bay. Initially all solid and liquid wastes were 
discharged directly into the Bay. Though major industrial effluents are now treated, 
there has yet to be treatment of domestic waste. The renewal capacity and water 
exchange within Izmit Bay is insufficient for compensation and equilibration. 
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Eutrophication and deterioration of water quality have become serious problems. 
(Telli –Karakoc et al., 2002). 
Izmit Bay and its surroundings are one of the most industrialized and populated 
area of Turkey, receiving more than 300 industrial and domestic effluents. Industrial 
effluents discharges a total of 163,000 m3/day wastewater, 24 tons/day BOD and 19.5 
tons/day TSS to Izmit Bay. The eastern basin receives the highest inputs compare to 
other basins of the Bay. Based on previous studies, no DHS has been measured in 
Izmit Bay. Industrial loads have been reduced by treatment and waste minimization 
within the last 10 years, but domestic wastes have doubled, due to the increa the sing 
population in Bay. Therefore, the total (domestic +industrial) discharge load into the 
Bay during the last 10 years has not changed significantly. The dissolved oxygen 
content of  Izmit Bay decreased dramatically from 1984 to 1999 and reached a 
minimum value at 20 m throughout the Bay. (Balkıs, N., 2003). 
The inner part, the eastern sector, is the most polluted portion of the bay. 
Petroleum industries are situated in the central bay. The western portion (the 
outerpart), which is the entrance to the Marmara Sea, has a better water exchange 
capability; hence it is the less polluted part compared to the other parts of the bay. 
The Izmit Bay ecosystem has been monitored for more than 15 years; therefore, the 
oceanographic characteristics and pollution level in terms of conventional parameters 
in discharges such as total organic carbon, total nitrogen, total phosphorous, total 
suspended solids, etc., are easily available. Additionally, in the last 5–6 years, 
ecotoxicological studies in the Izmit Bay system have progressed to include finding 
out the fate and effects of pollutants—such as polycyclic aromatic hydrocarbon 
(PAHs), polychlorinated biphenyls (PCBs), heavy metals etc. All these previous data 
showed that the bay waters are eutrophic and the discharges that enter the bay are 
toxic. (Okay et al., 2003). 
3. 3. 2. Gemlik 
The Gemlik Bay, which is the second most polluted hot spot in the Marmara Sea; a 
semi-enclosed sea connecting the Black Sea to the Aegean Sea via the Bosphorus and 
Dardanelles straits. The organic carbon content is relatively high within the bay. 
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Contrary to low values in the outer basin, the organic carbon content is relatively high 
within the bay. Its highest values are distributed in the middle of the basin, inner 
Gemlik Port, Karasu River which is the most important fresh water discharge in the 
west, and a resort area Trilye. Highly-populated eastern and southern coasts are 
mainly influenced by rapid ecotourism development, direct discharges from rivers, 
surface run-off and drainage from port areas, domestic and industrial effluent 
discharges through outfalls and various contaminants from ships. Bathymetric 
features and the associated hydrodynamic processes seem to play an important role in 
the enrichment of organic carbon. Organic carbon contents show consistency with the 
sediment textural characteristics and the oxygen deficiency observed in Gemlik Bay. 
(Alpar et al., 2006). 
3. 3. 2. 1. Geographical Setting 
Similar to Izmit Bay, the Gemlik Bay emerges as a 31- km-long tectonic trough 
between two topographic heights, with an increasing width westward (Fig. 3. 4). It is 2–
6 km wide in front of the Gemlik Town in the east of Tuzla Point and 12–24 km in the 
west between Trilye and Bozburun (Armutlu Town). The length of its coasts along the 
steep Samanlıdag˘ Mountains in the north, alluvial plains and deltas in the east and small 
hills along the southern coasts is about 76 km. (Alpar and Unlu, in press). 
The regional winds, mainly controlled by the surrounding mountains, blow from 
northwest in winter and mainly northeast for the rest of the year. They play a dominant 
role in the dynamics of this semi-enclosed sea. Gemlik Bay is open to the waves coming 
from the band between northwest and southwest. In winter, the dominant wave direction 
is from northwest with the significant wave heights less than 3 m. The dominant wave 
direction is from southwest in spring months with the significant wave height less than 2 
m. The maximum hindcasted significant wave height for Gemlik wave is 3 m for the 
duration of wind data 1994–1998. (Alpar and Unlu, in press). 
The maximum depth is 107 m in the middle of a small northwest-trending elliptical 
central trough which is a- fault-controlled depositional area. The southern coasts of the 
Gemlik pull-apart basin are controlled by the central strand of the North Anatolian fault. 
Holocene alluvial fans in the east disturb the symmetry of this marine depression which 
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is separated from the Marmara Sea by a sill with an average depth of 50 m in the west 
(Fig. 3.4.). With its 27600 km2 drainage area and 158 m3/s average water flows, the 
Karasu River is the most important geographic element in the region. It carries 0.5– 5.5 
tons of suspended solids daily into the sea depending on the climatic conditions. (Alpar 
and Unlu, in press). 
3. 3. 2. 2. Oceanographic Conditions 
No long-term current data is available to represent the water circulation in the bay 
which controls sediment transportation and deposition. Some short-term historical 
measurements revealed two distinct water layers; the upper Black Sea water and the 
dense lower Mediterranean Sea water. In normal weather conditions, the surface flow 
is clockwise with an average current speed of about 13– 17 cm/s at the entrance of 
Gemlik Bay and 2–6 cm/s in the central and inner parts. These figures increase in 
spring. The interface layer takes place at 20–30 m water depth depending on the 
seasonal variations. In addition to the main Mediterranean water in deep Marmara 
Sea basins, a relatively thinner plume of dense lower layer flows through the southern 
Marmara shelf and reaching Gemlik Bay (Besiktepe et al., 1994). The average speed 
of the lower layer is 9–10 cm/s at the entrance while they are 2.5– 4.5 cm/s in the 
central and inner parts of the bay, but with varying directions. (Alpar and Unlu, in 
press). 
Figure 3. 4 Bathymetry is reconstructed from Yaltırak and Alpar (2002) and using 
the data obtained during the recent multibeam bathymetric survey of the Ifremer 
RV Le Suroit vessel (Rangin et al., 2001).  
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3. 3. 2. 3. Environmental Conditions 
The bay, with a total surface area of 349 km2, is most particularly subject to high 
anthropogenic pressure due to inputs from rivers, atmosphere, coastal shipping and 
industrial activities. The most important industrial towns along the bay are the 
Gemlik Town, Mudanya and Trilye (Figure 3. 4). Mudanya port is the export gate of 
the second biggest industrial city of Turkey, Bursa. As opposed to the 
industrialization along the southern coasts, Armutlu, Fıstıklı, Kapaklı, Narlı, 
Karacaali, Buyukkumla and Kucukkumla villages are tourism centers along the 
northern coasts. Total population exceeds 129000 and doubles in summers. The most 
densely populated towns, however, are Gemlik (80 000) and Mudanya (24 000). The 
total of domestic wastewater discharge into the bay is as much as 7.5 million m3. 
Only Gemlik town and Kuckkumla have their own deep sea outfall discharge system. 
Other coastal settlements use creeks or simple outfalls for their wastewater discharge. 
New systems are ready to operate for Mudanya and Armutlu. (Alpar and Unlu, in 
press). 
The easternmost part of the bay is subject to chronic severe contaminations, 
among which hydrocarbons play a major role. The main sources are ship traffic, 
fishery activities, domestic and industrial sewage waters and riverine inputs. The 
Karsak creek which discharges into the Gemlik port is the most important pollution 
source. Not only the discharges of a wide range of industrial plants in Gemlik town, 
but this creek also carries the waters of Lake Iznik, domestic and industrial 
wastewater discharges of Orhangazi town located 15 km in the west of the Gemlik 
Bay. The total load carried by Karsak River is therefore variable seasonally. The 
share of industrial waste water inputs is even higher, 13–20 million m3/y. The total 
discharge of textile and chemistry plants is seemingly lower, but they introduce an 
important industrial pollution into the bay since they do not use treatment systems. 
The impact of such an anthropogenic pressure can be observed often in summer with 
the phenomenon of red waters, resulting from eutrophication and disequilibrium 





3. 3. 3. Kucukcekmece 
Küçükçekmece is a large, crowded suburb on the European side of Istanbul, 
Turkey near Atatürk Airport. Küçükçekmece is on the Marmara coast and is the 
eastern shore (nearest they city) of an inlet of the Marmara called Küçükçekmece 
Gölü. The inlet is highly polluted but there are works to get it clean again. There used 
being wild life and many kind of birds on the life. The inlet is connected to the 
Marmara Sea by a very narrow channel so the water is not salty. 
On December 29, 1999, the Volgoneft-248, a 25-year old Russian tanker, ran 
aground and split in two in close proximity to the southwest shores of Istanbul. More 
than 800 tons of the 4,300 tons of fuel oil on board spilled into the Marmara Sea, 
covering the coast of Marmara with fuel-oil and affecting about 5 square miles of the 
sea. 
The amount of heavy fuel oil spilled from the Volgoneft-248 tanker to the 
Marmara Sea is estimated to be 1,290 tons. Approximately 1,000 tons of the 
remaining oil was discharged ashore, leaving another 2,000 tons in four tanks located 
in the sunken bow section. Field observations on the accident day evidenced that the 
spilled oil contaminated the shorelines between the grounded ship stern off the 
Menekşe Coast and the rock groin at Çiroz Park five kilometers to the East of the 
accident. Beaches, fishing ports, restaurants, recreation facilities, the Atatürk Pavilion, 
piers, groins and seawalls located in this area are directly affected. 
Later field surveys associated with legal damage investigations were carried out to 
survey the state of pollution and the result of clean-up operations three to four months 
after the accident. It was found that the shorelines have been cleaned to a large extent 
except some minor leftover, and some fresh marks indicating a continuing 
contamination. The source for this recent pollution was found to be the oil leakage 
from the remaining oil in the sunken bow section of the tanker, which was later, 
recovered in summer, 2000 (Otay and Yenigün, 2000 ). 
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4. SULFATE REDUCING BACTERIA 
Sulfate reducing bacteria (SRB) may be one of the oldest forms of life on Earth. 
They can be traced back billions of years in the geologic rock record to the Early 
Archean (3900 to 2900 million years ago), when oxygen concentrations in Earth’s 
atmosphere were low. Ancient SRB left their first mark on their environment in pyrite 
minerals (FeS2) as old as 3400 million years (Ohmoto et al., 1993). Today, these 
microorganisms are widespread in marine and terrestrial aquatic environments. Their 
ability to adapt to extreme physical and chemical conditions enables them to play an 
important role in global geochemical cycles (Jorgensen et al., 1990), but their role in the 
formation of deposits has remained controversial. Strong support for such a role is now 
provided by Labrenz, who has discovered sulfate-reducing bacteria that can tolerate low 
levels of oxygen and can precipitate zinc sulfide minerals. 
 Sulfate (SO42-) and sulfur (S0) have an important role under the anoxic 
conditions as electron acceptor for a large group of delta Proteobacteria that utilize 
organic compounds or H2 as electron donors, and finally produce H2S. Over 20 
genera of these organisms are known. The basic classification of them as follows: 
1- Sulfate Reducers 
a. Nonacetate oxidizer 
b. Acetate oxidizer 




 Figure 4.1 . Universal phylogenetic tree (http://www.geosociety.org)  
4.1. Physiology of Sulfate Reducing Bacteria 
Sulfate reducing bacteria use broad range of electron donors. Nonacetate oxidizers 
species utilize malate, sulfonates, and certain primary alcohols (methanol, ethanol, 
propanol, and butanol), and H2, lactate, and pyruvate are universally used. Some 
strains of Desulfotomaculum rarely consume glucose.  Nonacetate oxidizers oxidize 
their energy source to the level of acetate and excrete these fatty acids as an end 
product. Acetate oxidizers are different from nonacetate oxidizer because of their 
ability to oxidize fatty acids, lactate, succinate, and even benzoate to CO2. 
Desulfosarcina, Desulfonema, Desulfococcus, Desulfobacterium, Desulfotomaculum, 
and certain species of Desulfovibrio, are unique among sulfate reducers in their 
ability to grow chemolithotrophically and autotrophically with H2 as electron donor, 





4.2. Sulfate Reduction  
The reduction of SO42- to H2S progresses through a number of intermediate stages. 
The sulfate ion is stable and cannot be reduced without first being activated. Sulfate 
is activated by means of ATP. The enzyme ATP sulfurylase catalyzes the attachment 
of the sulfate ions to a phosphate of ATP, leading to the formation of adenosine 
phophosulfate (APS). In dissimilative sulfate reduction, the sulfate moiety of APS is 
reduced directly to the sulfite (SO3-2) by the enzyme APS reductase with the release 
of AMP. In assimilative reduction, another P is added to APS to form 
phosphoadenosine phosphosulfate (PAPS), and only then is the sulfate moiety 
reduced. In both cases, the first product of sulfate reduction is sulfite. Once sulfite is 
formed, sulfite is formed by the enzyme sulfite reductase (Fig 4.2.). 
In the process of dissimilative sulfate reduction, electron transport reactions 
occur leading to proton motive force formation, and this drives ATP synthesis by 
ATPase. A major electron carrier is cytochrome c3, a periplasmic low potential 
cytochorome. Cytochorome c3 accepts electron from a periplasmically located 
hydrogenase and transfers these electrons to a membrane-associated protein complex 
called Hmc that carriers them across the cytoplasmic membrane, thus making them 
available to APS reductase, which cytoplasmic enzymes (Madigane et al., 2000). 
 
 
Figure 4.2. Biochemistry of dissimilatory sulfate reduction  (Madigan, 2003) 
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  A list of some of the electron donors used by sulfate-reducing bacteria is 
given in Table 4.1. The first three compounds listed, H2, lactate, and pyruvate are 
used by a wide variety of sulfate-reducing bacteria (Madigane, 2000). 









4.3. Biochemistry and Microbiology of SRB 
Sulfate-reducing prokaryotes (SRP), which obtain energy from dissimilatory 
sulfate reduction, play an important role in the mineralization of organic matter in 
marine anaerobic sediments, besides being themselves key organisms in the global 
sulfur cycle (Nakagawa et al., 2004). SRB utilize a very wide spectrum of different 
low molecular organic compounds (lactate, acetate, proprionate, succinate, pyruvate, 
ethanol, aliphatic acids, sugars, amino acids, indole, nicotinic acid) as electron donors, 
and also as carbon and energy sources (Parkes et al., 1995). SRB synthesise 
numerous enzymes that catalyse sulphate reduction. The following enzymes play a 
major part in sulphate activation and reduction: pyrophosphatase, ATP sulphurylase, 
bisulphate reductase, desulphoviridin, desulphorubidin and desulphofuscidin. 
Dissimilatory sulfite reductase (DSR) is a key enzyme that catalyzes the reduction of 
sulfite to sulfide during anaerobic sulfate respiration. Recent investigations using the 
DSR gene-based molecular ecological approach have documented the pylogenetic 
diversity of SRP in a variety of geothermal environments such as terrestrial hot spring 
(Fishbain et al., 2003; Nakagawa and Fukui, 2003), a subsurface geothermal aquifer 
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(Baker et al., 2003) and sediments in a deep-sea hydrothermal system in the Guaymas 
Basin, Gulf of California (Dhillon et al., 2003). However, relatively few studies on 
the phylogenetic diversity of the SRP with the DSR gene-based molecular ecological 
approach have been attempted concerning the active deep-sea hydrothermal chimney 
structures, compared to a number of investigations by means of 16S rRNA gene 
colone analysis (Takai and Horikoshi, 1999). Sulphate and organic matter 
concentrations, sedimentation rate, turbulence, bio turbulence, temperature, salinity 
and hydrostatic pressure are the main environmental factors controlling the numbers 
and distribution of SRB and the rate of bacterial sulphate reduction (Jorgensen, 1982). 
SRB, which generate large amounts of toxic hydrogen sulphide in aquatic ecosystems, 
are important not only for ecological reasons. They are also vital from the point of 
view of the economy. This primarily concerns the petroleum industries, which use 
immense amounts of seawater in their technologies while recovering oil from under 
the sea bed. A large amount of SRB may cause the oil and gas to acidify, the piping 
to corrode and technical installations to become clogged. Owing to their quite 
considerable ecological and economic importance, SRB have become recently a 
popular subject of scientific investigation. Despite the obviously important position 
of SRB in the functioning of marine ecosystems, information concerning them in the 
Baltic Sea is scarce ( Mudryk et al., 2000 ) 
4.4. Phylogeny of Sulfate Reducing Bacteria  
Sulfate-reducing bacteria (SRB) constitute a diverse group of prokaryotes that 
contribute to a variety of essential functions in many anaerobic environments. In 
addition to their obvious importance to the sulfur cycle, SRB are important regulators 
of a variety of processes in wetland soils, including organic matter turnover, 
biodegradation of chlorinated aromatic pollutants in anaerobic soils and sediments, 
and mercury methylation (Fauque, 1995; Barton, 1995). Phylogenetic classification 
of SRB (Fig. 4.3.) by rRNA sequence analysis has a variety of advantages, including 
providing insights into the evolutionary origins of sulfate reduction in distantly 
related species, and in facilitation of development of group-specific phylogenetic 







Figure 4.3. 16S rDNA Phylogenetic Tree Showing The Lineages Of The Six Main 
Subgroups of SRB (Daly, 2000). 
 
 
SRB are a complex physiological bacterial group, and various properties have 
been used in traditional classification schemes. The most important of these 
properties were cell shape, motility, GC content of DNA, presence of desulfovirin 
and cytochromes, optimal temperature, and complete versus incomplete oxidation of 
acetate. Substrates are used by some groups of sulfate-reducing bacteria are given in 
Table 4.2. For classification within a particular genus, different electron donors are 
tested. Analysis of rRNA sequences has allowed organization of the various SRB 
species into four distinct groups:  
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• Gram-negative mesophilic SRB 
• Gram-positive spore forming SRB  
• Thermophilic bacterial SRB  
• Thermophilic archaeal SRB.  
 
All of these groups are characterized by their use of sulfate as a terminal electron 
acceptor during anaerobic respiration. Assignation of individual species into 
appropriate groups based on rRNA analysis is in general agreement with those 
obtained by traditional taxonomy (Castor et al., 2000). 
 






































































Desulfovibrio desulfuricans i + + + + - - + + - 
Desulfovibrio vulgaris i + + + ± - - - - - 
Desulfovibrio sapovorans i - - + - - 4-16 - - - 
Desulfobulbus propionicus i + - + ± - 3 - - ? 
Desulfobacter postgatei c - - - - + - - - - 
Desulfobacterium autotrophicum c + + + + ± 3-16 + + - 
Desulfococcus multivorans c - + + + ± 3-16 - - + 
Desulfovibrio baarsii c - + - - + 3-18 - - - 
Desulfotomaculum orientis i + + + + - - - - - 
 
*Presence (+) or absence (-)   
*Incomplite (i) or complete (c) oxidation of carbon substrate 
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Table 4.3. Important features in the classification of representative sulfate-
reducing bacteria (Castro, 2000). 
 




















Lemon to rod 
Ovoid to rod 
Rod 
Spiral to vibrioid 
Oval to rod 
Oval to rod 
Spherical or lemon 
Rod 
Filaments 














































































4.4.1. Gram-Negative Mesophilic SRB 
This group of SRB is located within the delta subdivision of the Proteobacteria 
(Figs. 4.4 and 4.5). The delta subdivision includes such non-SRB as sulfurreducing 
bacteria (Desulfurella, Desulfuromusa, and Desulfuromonas), Myxobacteria and 
Bdellovibrio, and Pelobacter and Geobacter (Lonergan, 1996). Phylogenetic 
relationships between SRB and other members of the delta subdivision remains 
unresolved (Devereux, 1989), although it has been suggested that Myxobacteria and 
bdellovibrios may represent aerobic adaptations of an ancestral anaerobic sulfur-
metabolizing phenotype (Devereux, 1989; Oyaizu, 1985). Devereux, however, 
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reported that placement of the exact root of Myxobacteria (inside or outside the 
Gram-negative mesophilic SRB) is affected by the outgroup sequences used to 
construct the tree, suggesting that Myxobacteria may not have originated from within 
this group of SRB (Devereux, 1989). 
Two families of SRB have been proposed within the N-Proteobacteria: the 
Desulfovibrionaceae (presented in detail in Fig. 4.4) and the Desulfobacteriaceae 
(presented in detail in Fig.4.5.) (Devereux, 1989; Widdel, 1991). The 
Desulfovibrionaceae family includes the genera Desulfovibrio and Desulfomicrobium. 
It should be noted that a reclassification has been proposed for Desulfomonas pigra to 
Desulfovibrio piger based on 16S rRNA sequence analysis , although D. piger is 
different from other Desulfovibrios in its motility (nonmotile) and shape (rod versus 
vibrioid). Two recently described genera, Desulfohalobium (represented by D. 
retbaense; GenBank accession number U48244) and Desulfonatronum (represented 
by D. lacustre; GenBank accession number Y14594), have not yet been oficially 
placed within the family Desulfovibrionaceae.  
 
 
Figure 4.4. Phylogenetic tree for the Gram-negative mesophilic SRB, with emphasis on 
the family Desulfovibrionaceae (Castro, 2000). 
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The original Desulfobacteriaceae family (Fig. 4.5) included all SRB within the N-
Proteobacteria that were not part of the Desulfovibrionaceae (Devereux, 1990; 
Widdel, 1992). This rather broad definition included species of the genera 
Desulfobulbus, Desulfobacter, Desulfobacterium, Desulfococcus, Desulfosarcina, 
Desulfomonile, Desulfonema, Desulfobotulus, and Desulfoarculus. The newly added 
genera include Desulfobacula, Desulfospira, Desulfocella, Desulfobacca, 
Desulfacinum, Thermodesulforhabdus, Desulforhabdus, Desulfocapsa, 
Desulforhopalus, and Desulfofustis. Reclassification of the genera Desulfobotulus and 
Desulfoarculus to Desulfovibrio sapovorans as Desulfobotulus sapovorans, and 
Desulfovibrio baarsii as Desulfoarculus baarsii has recently been proposed 
(Stackebrandt, 1995), although no oficial reclassifications have been published to 
date concerning these proposals. Phylogenetic analyses suggest that these two species 
do not belong to the Desulfovibrionaceae family, a finding consistent with metabolic 
features (specifically electron donors) of these two species compared with the 
Desulfovibrios (Devereux, 1989). The majority of members of this family are 
mesophilic; however, Desulfacinum infernum (GenBank accession number L27426) 
and Thermodesulforhabdus norvegicus (Beeder, 1995) are thermophilic.  
Interesting morphological aspects of the Desulfobacteriaceae family include 
formation of clumps, as is seen in Desulfosarcina, and the gliding motion of 
filamentous Desulfonema. Clump formation can provide protection against 
unfavorable changes in environmental redox potential, and the gliding motility of 
Desulfonema allows these bacteria to move against chemical gradients to reach areas 
of favorable nutrient concentration. Moreover, the formation of filaments by this SRB 




Figure 4.5 Phylogenetic tree for the Gram-negative mesophilic SRB, with emphasis on 
the family Desulfobacteriaceae (Castro, 2000). 
 
4.4.2. Gram-Positive Spore Forming SRB  
This general group is dominated by the genus Desulfotomaculum, and is placed 
within low GC Gram-positive bacteria (Fig. 4.6.) such as Bacillus and Clostridium. 
These include the only SRB known to form heat-resistant endospores, a trait shared 
with many Bacillus and Clostridium species. In contrast with the mesophilic SRB, 
some species of Desulfotomaculum are thermophilic, although their optimal growth 
temperatures are lower than those of thermophilic Gram-negative and archaeal sulfate 





Figure 4.6. Phylogenetic tree for the genus Desulfotomaculum within the cluster of low 
G+C content Gram-positive bacteria (Castro, 2000). 
 
Different species within the genus Desulfotomaculum exhibit a great versatility in 
the type of electron donors they are capable of using for growth, and include acetate, 
aniline, succinate, catechol, indole, ethanol, nicotinate, phenol, acetone, stearate, and 
others. Depending on the species, organic substrates are oxidized incompletely to 
acetate or completely to CO2 (Fauque, 1995).  
Although most spore forming SRB are found in similar environments to N-
Proteobacteria SRB, spore formation allows this group to survive for long periods of 
desiccation and oxic conditions. For example, Desulfotomaculum is the prevalent 
genus of SRB in rice paddies due to alternating oxic and anoxic conditions as a result 
of seasonal flooding (Widdel, 1991). 
4.4.3. Bacterial Thermophilic SRB 
The two most well characterized species in this group of SRB are 
Thermodesulfobacterium commune (Zeikus, 1983) and Thermodesulfovibrio 
yellowstonii (Fig. 4.7) (Henry, 1994). The sequences available for analysis of both 
these species contain significant amounts of ambiguity (12% for T. commune and 
20% for T. yellowstonii) that may effect accurate phylogenetic placement, although 
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over 1 kb of readable sequence are available for each species. Both bacteria were 
isolated from hydrothermal vent waters in Yellowstone National Park, and their 
optimal growth temperatures are higher than those described for Gram-positive spore 
forming thermophilic SRB, but lower than those of the Archaeal SRB. Although 
these two genera have similar physiological and phenotypic characteristics, they 
differ in shape (vibrio versus rod) and GC content (30% versus 34%) for T. 
yellowstonii and T. commune, respectively. Sequence analysis of 16S rRNA also 
suggests that they are phylogenetically distant, confirming their placement in separate 
genera (Henry, 1994). Henry suggested that categorization of Thermophilic SRB 
(similar physiology but different phylogeny) is similar to the situation with the 
Desulfovibrio family: a group that shares physiological similarities but is 
phylogenetically diverse and is grouped within a family. Moreover, both thermophilic 
SRB and Desulfovibrio spp. exhibit incomplete oxidation of acetate and utilize a 
limited number of electrons donors; for these reasons, Henry proposed that 
Thermophilic SRB and Desulfovibrios play similar functional roles in their respective 
environments. 
Phylogenies for thermophilic Gram-negative bacteria branch deeply in the 
Bacteria domain, in accordance with the theory of thermophilic origins of the 
Bacteria. Both genera utilize H2 as an electron acceptor if acetate is present, which in 
these extreme environments can be derived from thermophilic fermentations or 
geothermal reactions (Widdel, 1992). Although these genera have optimal growth 






Figure 4.7. Phylogenetic relationships of Gram-negative thermophilic SRB with other 
Bacterial and Archaeal groups (Castro, 2000). 
4.4.4. Archaeal Thermophilic SRB 
This group (Fig. 1.9) exhibits optimal growth temperatures above 800C. Only 
two species have been described to date, both of which were isolated from marine 
hydrothermal systems: Archaeoglobus fulgidus (Stetter, 1988) and A. Profundus 
(Burggraf, 1990). Major differences between the two species are that A. fulgidus 
possess flagella, are facultative chemolithoautotrophs, and produce small amounts of 
methane, while A. profundus do not possess flagella, are obligate 
chemolithoheterotrophs, and do not produce methane. No rRNA sequence is available 




Figure 4.8.. Phylogenetic position of Archaeal thermophilic SRB (Castro, 2000). 
 
Using 16S and 23S rRNA sequence analysis, Woese indicated that A. fulgidus falls 
within the Methanomicrobiales and extreme halophiles cluster (kingdom 
Euryarchaeota), as is shown in Figure 4.8. (Woese, 1991). Microorganisms 
belonging to the Methanomicrobial branch (Fig. 4.8.) of the Archaea are 
characterized by metabolic characteristics other than methanogenesis, as this group 
also includes extreme halophiles (Halobacterium halobium) and thermo-acidophiles 
(Thermoplasma acidophilum) (Woese, 1991). The question of how sulfate reduction 
in Archaeoglobus was acquired remains unresolved, although Wagner  proposed that 
either a common ancestor of the Archaea and Bacteria domains possessed the enzyme, 
or the gene was laterally transferred into Archaeoglobus from a member of the 
Bacteria soon after divergence of the domains (Wagner, 1998) . 
4.5. Competition of Sulfate Reducing Bacteria and Methanogens  
Competition between two or more populations of microorganisms is a 
negative relationship in which the different populations often are adversely affected 
with respect to their survival and growth. Also competition is considered the most 
important interaction among organisms, and is one of the major responsible causes of 




















Figure 4.9. Model of kinetic and thermodynamic competition among sulfate-reducing 
bacteria and methanogenic Archea (Stahms et al., 2003) 
The competitive interactions among anaerobic microorganisms can be roughly 
divided into kinetic competition and thermodynamic competition (Fig. 4.9). Kinetic 
competition refers to the determination of competitive capabilities by kinetic 
measurements of microbial growth, although the underlying mechanism for the observed 
effects might be thermodynamic. Thermodynamic competition means that one organism 
is capable of growing at and maintaining a substrate concentration below the minimum 
concentration for uptake (threshold concentration) of other organisms due to a higher 
energy yield in the conversion of the compound (Stahms et al., 2003). 
In environments where sulfate is present, sulfate-reducing bacteria will compete 
with methanogenic consortia for common substrates. Direct competition will occur 
for substrates like hydrogen, acetate and methanol. Compared with methanogens, 
sulfate-reducing bacteria are much more versatile than methanogens. Compounds like 
propionate and butyrate, which require syntrophic consortia in methanogenic 
environments, are degraded directly by single species of sulfate reducing bacteria. 
Some key reactions in anaerobic environments are listed in Table 4.4 (Stahms et al., 
2003).  
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Table 4.4. Acetogenic and methanogenic reactions, and sulfate-reducing reactions 
involved in the degradation of organic matter in methanogenic bioreactors, and 





Kinetic properties of sulfate-reducers, methanogens, and acetogens can be used to 
predict the outcome of the competition for these common substrates [6,41–44]. For 
bacteria growing in suspension, Monod kinetic parameters such as the half-saturation 
constant (Ks) and the specific growth rate (µmax) can be used. When bacterial growth 
is negligible, as is often the case in reactors with a dense biomass concentration, 
Michaelis-Menten kinetics may be used to predict which type of organism has the 
most appropriate enzyme systems to degrade substrates. Therefore, both the Vmax/Km 
and the µmax/Ks ratio give an indication of the outcome of competition at low 
substrate concentrations (Stahms et al., 2003). 
4.5.1. Competition for Hydrogen 
In anaerobic environments methanogens, homoacetogens and sulfate-reducers will 
compete for hydrogen. Thermodynamically, homoacetogenesis is less favorable than 
methanogenesis and sulfate reduction. Homoacetogens are very poor hydrogen-
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utilizing organisms (Cord-Ruwish et al., 1988). When grown on organic substrates 
like ethanol and lactate in the presence of hydrogenotrophic methanogens, they even 
produce hydrogen.  
Studies with sediments and sludge from bioreactors have indicated that at an 
excess of sulfate hydrogen is mainly consumed by sulfate reducers (Lovley et al., 
1982). In reactors with immobilized biomass the activity of hydrogenotrophic 
methanogens is completely suppressed within a few weeks when sulfate is added 
(Visser et al., 1993). In methanogenic environments the hydrogen partial pressure is 
low. However, by addition of sulfate the hydrogen partial pressure may even become 
lower. The hydrogen partial pressure becomes so low that thermodynamically 
hydrogenotrophic methanogenesis is not possible any more. An additional effect of 
the addition of sulfate is that hydrogen formation becomes less important. In the 
absence of sulfate, hydrogen has to be formed by acetogenic bacteria in the oxidation 
of compounds like lactate, alcohols, propionate and butyrate. However, in the 
presence of sulfate, all these compounds can be oxidized directly by sulfate-reducers 
without the intermediate formation of hydrogen. However, this explanation cannot be 
the only one because fermentative glucose- and amino acid-degrading bacteria will 
always form some hydrogen. 
Methanogens, which grow on H2/CO2, are autotrophic (Stahms et al., 2003). The 
classical Desulfovibrio species require acetate and carbon dioxide or another organic 
carbon source for growth whereas, e.g.,Desulfobacteriumsp. can use CO2 as the sole 
source of carbon (Widdel, 1991). Sulfate-reducing bacteria have a higher affinity for 
hydrogen than homoacetogens, but apparently the sulfate-reducers are dependent on 
the homoacetogens for synthesis of their carbon source acetate. It can be speculated 
that under these conditions the kinetic properties of homoacetogens determine the 
kinetic properties of the sulfate-reducers. In that case, methanogens would win the 





4.5.2. Competition for Acetate 
A complete conversion of acetate by methanogens, even at an excess of sulfate, 
has been reported (Visser et al., 1993). However, in some studies a predominance of 
acetate-degrading sulfate-reducers was found (Gupta et al., 1994). Some factors may 
affect the competition between sulfate-reducers and methanogens. 
The work of Schönheit et al., 1982, has indicated that the predominance of 
Desulfobacter postgatei in marine sediments could be explained by its higher affinity 
for acetate than Methanosarcina barkeri. However, in bioreactors Methanosarcina sp. 
are only present in high numbers when the reactors are operated at a high acetate 
concentration or operated at a low pH. Generally, Methanosaeta sp. are the most 
important acetoclastic methanogens in anaerobic bioreactors (Grotenhuis et al., 1992). 
Putting all kinetic information together, it seems that the growth kinetic properties 
of acetate-degrading sulfate-reducers are only slightly better than those of 
Methanosaeta. When the growth kinetic properties of the sulfate-reducers are only 
slightly better than those of the methanogens it can be expected that the initial relative 
cell numbers affect the outcome of competition experiments. This is in particular the 
case for methanogenic sludge from bioreactors where a major part of the microbial 
biomass may consist of Methanosaeta. When methanogenic bioreactors are fed with 
sulfate, the few initial acetate-degrading sulfate-reducers have to compete with huge 
numbers of acetoclastic Methanosaeta species. Visser (1993) showed that sulfate-
reducers are able to outcompete methanogens for acetate, even if the seed sludge 
initially only contains low numbers of aceticlastic sulfate-reducers. Methanosaeta can 
only grow on acetate, whereas Methanosarcina can use a few other substrates besides 
acetate, like hydrogen, methanol and methylated amines. Aceticlastic Desulfobacter 
sp. also use a limited range of substrates; solely hydrogen, acetate and ethanol 
provide good growth. Desulfobacca acetoxidans is also a true specialist. It only 
showed growth on acetate. However, Desulfotomaculum acetoxidans and 
Desulforhabdus amnigenus use a wide range of the common substrates for sulfate-
reducers for growth. It is not clear to which extent these bacteria can grow 
mixotrophically. During growth on, e.g., butyrate or ethanol acetate is even excreted. 
However, if low concentrations of acetate and other substrates are used at the same 
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time the outcome of the competition between Methanosaeta and these sulfate- 
reducers will be affected (Oude Elferink et al., 1999).  
4.5.3. Competition for Methanol 
Methanol is an excellent substrate for mesophilic methanogens and 
homoacetogens. Methanosarcina species, Acetobacterium woodii, Eubacterium 
limosum and Butyribacterium methylotrophicum show very fast growth on methanol. 
The homoacetogens require externally supplied bicarbonate for growth, while the 
methanogens do not. Remarkably, only a very few mesophilic species of sulfate-
reducing bacteria can grow on methanol. The maximum specific growth rates of these 
sulfate-reducers are much lower than those of the methanogens and homoacetogens. 
This suggests that sulfate-reducers are poor competitors for methanol. The 
competition between methanogens and homoacetogens in bioreactors that indicates at 
a low methanol concentration methanol is mainly used by methanogens. Only at a 
high methanol concentration, and additionally a high bicarbonate concentration, was 
a substantial part of the methanol consumed by homoacetogens. During growth on 
methanol methanogens and homoacetogens produce some hydrogen. The amount of 
hydrogen which is produced is affected by the presence of sulfate-reducers. This 
results in the coexistence of methanol-utilizing and hydrogen-utilizing anaerobes. 
Thus, it seems that in mixed communities growing on methanol there is an indirect 
competition between methanogens and sulfate-reducers as well (Genther et al., 1989, 
Naningha et al., 1986). 
4.5.4. Competition for Organic Acids and Ethanol  
In anaerobic environments with high sulfate concentrations, sulfate-reducing 
bacteria compete with acetogenic bacteria for substrates like lactate, ethanol, 
propionate and butyrate. Little is known about this competition. The fate of ethanol 
and lactate in anaerobic environments is not completely clear. A few methanogens 
are able to oxidize ethanol and other alcohols. In the presence of sulfate they can be 
oxidized by, e.g., Desulfovibrio species. However, lactate and ethanol (+CO2) can 
also be fermented by bacteria in a propionic acid or homoacetogenic fermentation. In 
addition, lactate (+acetate) and ethanol (+acetate) can be fermented in a butyric acid 
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fermentation by Clostridium kluyveri. Chemostat experiments have indicated that at 
low concentrations lactate and probably also ethanol are mainly consumed by sulfate-
reducers. Desulfomicrobium outcompeted Veillonella and Acetobacterium at low 
acetate concentration. Interestingly, sulfate-reducers are also able to ferment lactate 
and ethanol. Lactate and ethanol can be oxidized to acetate and hydrogen, provided 
that the hydrogen partial pressure is kept low by methanogens, while Desulfobulbus 
species are able to ferment lactate and ethanol in a propionic acid fermentation.  
For wastewater with an excess of sulfate it is to be expected that sulfate-reducing 
bacteria become predominant over syntrophic fatty acid-degrading consortia, because 
of their better growth kinetic properties. It is obvious that at high sulfate 
concentrations, sulfate-reducing bacteria grow much faster than the syntrophic 
consortia.   
Several researchers investigated the competition for propionate and butyrate 
between sulfate-reducers and acetogens in anaerobic reactors and in sediment slurries. 
In most cases syntrophic consortia are easily outcompeted by sulfate reducers. 
However, in some of these studies no distinction can be made between a direct 
oxidation of propionate and butyrate by sulfate reducers and an indirect conversion 
whereby the fatty acids are oxidized to acetate and hydrogen by the acetogenic 
bacteria followed by hydrogen conversion via sulfate reduction. In this respect it is 
important to note that sulfate reducers keep the hydrogen partial pressure lower than 
methanogens, and that propionate- and butyrate-degrading acetogens grow much 
faster in co-culture with hydrogen-consuming sulfate-reducers than with hydrogen-
consuming methanogens (Stahms et al., 2003). 
4.5.5. Competition for Sulfate 
When hydrogen-utilizing sulfate-reducers have the highest affinity for sulfate this 
would indicate that under sulfate-limiting conditions fatty acids are oxidized in 
syntrophy with hydrogen-utilizing sulfate-reducers and not directly by Desulfobulbus 
species (Stahms et al., 2003). 
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4.5.6. Competition between Sulfate-Reducers and Acetogens in the Absence of 
Sulfate 
The role of sulfate-reducing bacteria in the anaerobic digestion in the absence of 
sulfate has hardly been investigated. Yet, recent studies showed that sulfate reducing 
bacteria can be present in methanogenic sludge to up to 15% of the total biomass 
(Raskin et al., 1996). It is known that several types of sulfate-reducing bacteria have 
fermentative or syntrophic capacities. Growth of sulfate-reducers in the absence of 
sulfate could explain the fast response of methanogenic ecosystems to the addition of 
sulfate. Some substrates which can be fermented by sulfate-reducers are pyruvate, 
lactate, ethanol, fumarate and malate, fructose, serine, choline, acetoin and S-1,2-
propanediol and propanol + acetate. Sulfate-reducers can also grow as acetogens in 
the absence of sulfate (Stahms et al., 2003) .  
4.5.7. Inhibition 
Sulfide produced by sulfate-reducing bacteria and by fermentation of sulfur 
containing amino acids has been shown to be inhibitory to the biogas process by 
several authors. Similar to ammonia, it is generally assumed that the neutral 
undissociated sulfide is the agent of toxicity since it is only membrane permeable in 
this form. The pH is therefore also an important determinant of the toxicity, but 
contrary to ammonia, low pH values and low temperatures favor the undissociated 
sulfide. Much of the published literature on sulfide toxicity does not take pH into 
consideration, which makes general conclusions about toxicity levels difficult. Since 
sulfide readily reacts with most metals to form insoluble metal sulfides, the toxicity 
of sulfide is also related to metal concentrations in the sludge. However, several 
authors have found that sulfide inhibits the biogas process at concentrations around 
50 mg/L. Sulfide and ammonia have been shown to inhibit methanogenesis in 
thermophilic anaerobic digesters synergistically. A sulfide concentration of only 23 
mg/L led to an approximately 40% decrease of the methane production in a digester 





5. MOLECULAR TECHNIQUES 
5.1. Bacterial Identification Techniques 
5.1.1. Traditional Methods 
Cultivation dependent methods are the oldest techniques used for enumeration of 
microorganisms. However it is not effective enough since only 0,1-10 % of all 
microorganisms can be cultivated. For anaerobic microorganisms, cultivation is more 
difficult due to slow growth rates and unknown growth requirements. Direct counts, 
pour and spread plate method, multiple tube fermentation and heterotrophic plate 
count are four common methods used for cultivation dependent identification. 
Direct counts:  Petroff- Hauser counting chamber is used for enumeration of cells. 
There are square shaped sample wells on the chamber with a volume of 1/1,250,000 
ml. By dying the cells with acridine orange stain, live and dead cells can be 
differentiated (Tchobanoglus et al, 2003). 
Pour and Spread Plate Method:  These methods are used to culture, identify and 
enumerate the bacteria.  In the pour plate method, sample is diluted. Small amounts 
of each dilution is mixed with warm liquid agar medium, poured into a culture dish, 
solidified and incubated. Separate bacterial colonies are counted after incubation and 
the results are reported as colony forming units (cfu) per unit volume of sample 
(cfu/ml). Appropriate dilutions allow the determination of total number of bacteria 
(Tchobanoglus et al, 2003). 
Multiple -Tube Fermentation:  The principle of multiple tube fermentation, also 
known as most probable number (MPN) is dilution to extinction. The sample is 
diluted in such ratios that, the rather concentrated samples cannot be counted due to 
clumped growth where only the colonies of more diluted samples can be counted. 
There are three test phases for total coliform named as presumptive, confirmed and 
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complete test. Concentrations of total coliform bacteria are most often reported as the 
most probable number per100 ml (MPN / 100 ml). However, MPN is only an 
estimation of the microorganism concentration but not the absolute concentration 
(Tchobanoglus et al, 2003). 
Heterotrophic Plate Count:  The aim of heterotrophic plate count is the estimation 
of live heterotrophic bacteria in wastewater samples. The efficiency of treatment 
processes and regrowth in effluent distribution systems can be evaluated by this 
technique (Tchobanoglus et al, 2003).  
5.1. 2. Molecular Methods 
The selectivity and inadequacy of culture dependent methods brought an 
obligation to seek for innovative techniques that do not require cultivation. At this 
point, rRNA / rDNA based methods favored the identification of uncultivable 
microorganisms. Molecular methods are of utmost significance in the determination 
of genetic diversity of microbial populations by means of identification of a specific 
component such as a gene, protein or particular cell structure. 
The use of molecular methods instead of cultivation is a great advantage in many 
ways. The first point is that cultivation of microorganisms is a time consuming 
method for identification secondly, it is not feasible to cultivate many of the 
microorganisms (Moter and Göbel, 2000; Sekiguchi et al, 1998). Under these 
circumstances, DNA/RNA based analyses are the most reliable methods for the 
detection of the high genetic diversity in environmental samples such as sludge or 
deep sediments. 16S rDNA/rRNA based techniques such as denaturating gradient gel 
electrophoresis (DGGE), fluorescent in situ hybridization (FISH), polymerase chain 
reactions (PCR), use of genome fragments and DNA microarrays are some of the 
molecular methods used in direct identification of the microorganisms. The use of 
these techniques in combination with a confocal laser scanning microscope or flow 
cytometry allows enumaration and counting as well. 16S rRNA is a significant target 
for these analyses since it is conserved better than other possible target 5S or 23S 
rRNA. Another reason is that 16S rRNA has a genetic stability and has a high copy 
number (Moter and Göbel, 2000; Cho and Tiedje, 2001). 
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Denaturating Gradient Gel Electrophoresis (DGGE) is based on the separation of 
PCR amplified fragments of equal length by electrophoresis on polyacrylamide gels 
containing a linearly increasing gradient of denaturant. Separation in DGGE is based 
on the electrophoretic mobilities of partially melted DNA molecules in these 
polyacrylamide gels.  
Single-Strand Conformation Polymorphism (SSCP) analyzes PCR products 
amplified with conserved primers located in the 16S rRNA sequences flanking 
variable regions on a nondenaturing polyacrylamide gel.   
Terminal Restriction Fragment Length Polymorphisms (T-RFLP) are frequently 
used methods for identification and quantification. 
Fluorescent in situ hybridization is another molecular method used for the 
detection and quantification of the microbial community in marine sediments 
5.1. 2.1.  Fluorescent in situ Hybridization Technique (FISH) 
Different staining techniques are available for the microscopic identification of 
bacteria and archaea in environmental samples. Although in principle all of these 
methods aim at a similar goal, the elucidation of microbial community structure, each 
approach is currently limited to addressing a particular set of topics. For example, 
bacterial chromosomal painting and immunofluorescence staining require the prior 
cultivation of the target organism yet provide high specificity for the detection of 
individual bacterial strains in environmental samples. In contrast, general questions 
about the abundances of different bacterial groups and of archaea in marine pelagic 
and sediment microbial communities can be answered more readily by fluorescence 
in situ hybridization (FISH) with rRNA-targeted oligo- and polynucleotide probes. 
FISH techniques are an increasingly popular tool for basic ecological research in 
marine microbiology. (Pernthaler et al.) 
Methods based on analyses of nucleic acids allow to study a wide range of 
microorganisms as they occur in nature without cultivation (Amann et al., 1995; 
Giovannoni, 1991; Stahl and Amann 1991). The refinement of sequencing techniques 
and perhaps more notably, the development of the highly versatile Polymerase Chain 
Reaction (PCR) has greatly facilitated the comparative analysis of large numbers of 
gene sequences (Saiki et al., 1985). Furthermore, application of PCR to nucleic acids 
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extracted directly from environmental samples enables contemporary researchers to 
circumvent culture. However, these methods do not provide information about 
morphology, number, spatial distribution or the cellular environment of the organisms. 
In contrast fluorescence in situ hybridization (FISH) combines the precision of 
molecular genetics with the visual information from microscopy, to permit 
visualization and identification of individual microbial cells within their natural 
habitat (Wagner et al., 2003).  
Prokaryotic cells can be identified without cultivation by applying FISH with 
ribosomal RNA (rRNA) targeted oligonucleotide probes. FISH can be used in 
combination with confocal laser scanning microscopy (CLSM) for accurate 
reconstruction of the spatial arrangement of microbial communities in their habitat 
(Daims et al, 2001). FISH combined with flowcytometry or CLSM and digital image 
analysis tools is also the method of choice for quantitative analyses of the 
composition and dynamics of microbial communities (Wagner et al., 2003). 
rRNAs are the main target molecules for FISH for several reasons: 
1) They can be found in all living organisms 
2) They are relatively stable and occur in high copy numbers (usually several 
thousand per cell) 
3) They include both variable and highly conserved sequence domains .  
Signature sequences unique to a chosen group of microorganisms, ranging 
from whole phyla to individual species, can therefore be identified by comparative 
sequence analysis. Bacteria and archaea contain 5S, 16S, and 23S rRNAs with 
lengths of approximately 120, 1500 and 3000 nucleotides, respectively. In the vast 
majority of applications FISH probes target 16S rRNA. The public databases now 
include 16S rRNA sequences for most cultured microbial species, as well as 
numerous sequences directly retrieved from the environment. Probes are designed 
using sequence information from these databases and program packages such as ARB. 
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 Figure 5.1. FISH (Fluorescent In Situ Hybridization) 
FISH is fully compatible with direct count methods. A typical FISH protocol 
includes four steps: (Amann, 1995) 
 
(i) fixation of the specimen and preparation of the sample;  
(ii) hybridization with the respective probes for detecting the respective target 
sequences;  
(iii) washing steps to remove unbound probes;  
(iv) mounting, visualization and documentation of results.  
 
The microorganisms are killed in the fixation procedure. Cells are usually fixed in 
order to retain their morphological integrity. The fixatives commonly used are 
alcohols and aldehydes. The former are precipitants and the latter are cross-linking 
agents. Whereas alcohols achieve fixation by the denaturation of protein structures 
causing better permeabilisation, aldehydes make cell walls rigid by cross-linking 
these structures. 
The microorganisms are  immobilized on slides or in tubes and covered with 
hybridization buffer containing the labeled probes and the slides are incubated in a 
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moisture chamber at a specific temperature. In FISH, in situ hybridisation is the term 
given to the binding a fluorescent-labelled probe (oligonucleotide polymer) with a 
rRNA molecule in a fixed cell. The specificity of the hybridisation event is dependent 
on the complementarity  between the probe and its target, and the stringency of the 
prevailing hybridisation conditions. Stringent hybridisation conditions are achieved 
by adjusting temperature and/or denaturant concentration (formamide) in the 
hybridisation step and salt concentration in the washing step. As the temperature and 
formamide concentration increase, and salt concentration decrease stringency of the 
hybridisation will increase. As the stringency increases the hybridisation 
duplex/hybrid dissociate and at high stringent conditions the duplex dissociates 
completely. Hybrids with less sequence complementarity  dissociates more readily, 
whereas perfect complementarity between a probe and target sequence gives the 
strongest binding. This principle is used to empirically define the optimal conditions 
for a probe with its target. The probe is hybridised with a known reference target 
organism (grown to exponential phase) and a known non-target organism (exhibiting 
the closest possible sequence mismatch with the probe; also grown to exponential 
phase). Different hybridisations are conducted over a range of conditions. The 
optimal conditions are those at which the target organism shows a good fluorescence 
signal, whilst the non-target organism shows no, or a weak, fluorescence signal.  
They are then washed in buffer to remove excess or unspecifically bound probe and 
viewed under the fluorescent microscope (Amann, 1995).  
Hybridization is an advantageous step when compared to other molecular methods. 
The advantages of hybridization are listed below: 
1. Unlike the cultivation techniques, hybridization allows the identification of 
more than one specific type of microorganism. 
2. 16S rRNA sequences give the information about the phylogenetic information 
among the microorganisms and allow the specification of the activities of different 
populations. 




After the hybridization they washed in buffer to remove excess or unspecifically 
bound probe and viewed under the fluorescent microscope (Amann, 1995). 
 
Figure 5.2. Flow chart of a typical FISH procedure 
 
5.1. 2.2.  Limitations and Methodological improvements of the FISH technique 
The standard FISH technique (Amann et al., 1995) suffers from many limitations:  
1) Not all bacterial and archaeal cells can be permeabilised using standard fixation 
protocols  
2) The use of mono-labelled probes limits the sensitivity of the method and 
aggravates the use of FISH for identification of prokaryotes with low ribosome 
content per cell 
3) Specific hybridisation and washing conditions cannot accurately be determined 
for probes that exclusively target rRNA sequences of uncultured prokaryotes 
4) The accuracy of quantification is relatively low in densely colonised biofilms 
5) Because of the relatively slow mutation rate of rRNA, this molecule generally 
possesses no target sites that differentiate between strains of a prokaryotic species  
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6) FISH does not provide information on the ecophysiology of the identified 
microorganism and even the general physiological activity of a prokaryotic cell 
cannot always be inferred from the cellular rRNA content.  
It has been reported that a fluorescently labelled peptide nucleic acid (PNA) probe, 
targeting a site of the 16S rRNA with a very low accessibility for oligonucleotide 
probes, confers a bright signal to its target cell (Perry et al., 2001). As PNA 
pseudopeptides have an uncharged polyamide backbone, hybridisation can be 
performed at low salt concentrations and high temperatures. These conditions 
significantly decrease the stability of the rRNA secondary structure, thereby leading 
to a higher accessibility of otherwise difficult target sites. The use of PNA probes for 
FISH might provide additional advantages, such as an improved staining of Gram-
positive bacteria and cyanobacteria (Perry et al., 2001; Oliveira et al., 2002). 
However, PNA probes are relatively expensive and after the adaptation of published 
oligonucleotide probe sequences for application as PNA probes, optimal 
hybridisation conditions have to be newly determined for each PNA probe. 
Horseradish peroxidase (HRP)-labelled oligonucleotide probes and tyramide 
signal amplification can be used to significantly enhance the signal intensities of 
hybridised cells (Schonhuber et al., 1997). However, this technique, which is also 
called CARD (catalysed reporter deposition)-FISH requires successful penetration of 
the large HRP-labelled oligonucleotides into the target cell and thus includes rigorous 
pre-treatments for cell wall permeabilisation. These protocols cause lysis of many 
fixed cells and so are likely to affect the composition of the analysed microbial 
communities. Furthermore, the applicability of CARD-FISH to biofilms will 
probably require inclusion of a cryosectioning step in the protocol. In general, the 
suitability of CARD-FISH for the investigation of a particular microbial community 
is most likely to depend on its composition and growth mode. 
Cloned Artificial Targets for FISH (catFISH) is used for the optimization of 
oligonucleotide probe hybridization conditions with 16S rRNA clones for in situ 
quantification of uncultivated prokaryotic cells. catFISH validates probes at single 
mismatch specificity with the use of recombinant E. coli strains that express cloned 
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heterologous 16S rRNA fragments with 0–4 mismatches relative to the probe 
sequence. When clones are not available with the desired target sequence, mutants 
can be created (Ouverney et al., 2003). In theory, catFISH can be applied for use with 
any 16S rRNA molecule. However, it still remains to be clarified whether the higher-
order structure of the heterologous rRNA in E. coli is identical to the one in the 
original host. In addition, the probe being validated, should not target the E. coli host 
rRNA unless a competent cell other than E. coli is used. The plasmids generated to 
validate the oligonucleotide probe for FISH can also be used to establish conditions 
for the same probe for real-time quantitative PCR. The technique can be used in 
combination with flow-cytometry for quick screening and sorting of clones in clone 
libraries (Wagner et al., 2003). 
Information on the activity of a defined group of prokaryotic cells within their 
natural environment can be obtained by combining microautoradiography with FISH 
(MAR-FISH) (Lee et al., 1999). If suitable labelled substrates are known and 
available, this technique is probably the best way to determine physiological activity 
of bacteria directly in the environment. Furthermore, MAR-FISH does not only 
determine general physiological activity but is now increasingly used to investigate 
the ecophysiology of probe-defined bacteria on a single-cell level by monitoring their 
substrate-uptake patterns (Daims et al., 2001; Ito et al., 2002). In addition, MAR-
FISH can be applied to identify members of defined physiological groups of 


































6. MARINE SRB COMMUNITY 
Sulfate-reducing bacteria (SRB) constitue a diverse group of prokaryotes that 
contribute to a variety of essential functions in many anaerobic environments. In 
addition to their obvious importance to the sulfur cycle, SRB are important regulators of 
a variety of processes in marine, lake environments, freswater aquifer, the marsh grass, 
river basin, canyon seep and wetland soils, including organic matter turnover, 
biodegradition of chlorinated aromatic pollutants in anaerobic soils and sediments. 
Because of their importance to critical processes in ecosystem functioning and 
environmental remediation interest in SRB has been increasing over the last 10 years. 
With the development of rRNA pylogenetic analysis, notable advances have been made 
in the taxonomy and phylogeny of this very diverse group. Many scientists investigated 
























7. MATERIALS AND METHODS  
7. 1. Study Sites  
Anoxic sediment samples were collected from four stations- IZ-17(Izmit Bay), IZ-
25 (Izmit Bay), MD-87(Gemlik Bay) and MKC (Kucukcekmece)- in the Marmara 
Sea.  
7. 2. Sediment Collection  
The ship ARAR shown in the figure was used for sampling . 
 
 
Figure7.1.: The ship ARAR and Van Ween Grab sampler (Hydro-bios, Germany) 
 
Samples were taken using Van Ween Grab sampler (Hydro-bios, Germany) 
shown in the figure. Triplicate samples were collected for FISH applications and 
sediment analysis.  
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50 ml 1:1 sample/ ethanol was taken for FISH application,  fixed with ethanol 
and stored at -20 0C until FISH application. 
50 ml sample was taken for sediment analysis and stored at -20 0C until 
extraction. 
7. 3. Characterististics of The Sediment Samples  
7. 3. 1. IZ-17( Izmit Bay) 
IZ-17 station was located in the middle of the Izmit Bay. Sampling depth of IZ-
17 was 157 m. Total solid (TS) and total volatile solid (TVS) analysis were carried out. 
Total carbon (TC), total inorganic carbon (IC), total organic carbon (OC) contents and 
heavy metal concentrations of the sediment sample were also measured. All analysis 
were carried out according to the Standard Methods (APHA, 1995). 
7. 3. 2. IZ-25 (Izmit Bay)  
IZ-25 station was located on the coast of the Izmit Bay. Sampling depth of IZ-17 
was approximately 30 m. Total solid (TS) and total volatile solid (TVS) analysis were 
carried out. Total carbon (TC), total inorganic carbon (IC), total organic carbon (OC) 
contents and heavy metal concentrations of the sediment sample were also measured. All 














Figure 7.2 Locations of the Izmıt Bay. 
 
7. 3. 3. MD-87 (Gemlik Bay) 
MD-87 station was located close to the Gemlik Bay. This location has the depth 
of   87 m. Total solid (TS) and total volatile solid (TVS) analysis were carried out. Total 
carbon (TC), total inorganic carbon (IC), total organic carbon (OC) contents and heavy 
metal concentrations of the sediment sample were also measured. All analysis were 














Figure 7.3: Locations of the Gemlik Bay. 
7. 3. 4. MKC (Kucukcekmece) 
MKC was located on the eastern shore of the Marmara Sea. Sampling depth of 
this location was 22 m. Total solid (TS) and total volatile solid (TVS) analysis were 
carried out. Total carbon (TC), total inorganic carbon (IC), total organic carbon (OC) 
contents and heavy metal concentrations of the sediment sample were also measured. All 













  Figure 7.4 Locations of the Kucukcekmece Bay. 
 
7. 4. Procedure of Fluorescent in Situ Hybridization (FISH) Technique 
In FISH technique fluorescently mono-labelled rRNA –targeted 
oligonucleotide probes have been used. Each probe has optimum excitation and 
emission condition presented in Table 7.1. These conditions for probes were 
obtained from literature (Amann et al., 1990a) 
 
Table 7.1. Fluorescent dyes using for FISH studies. 










Orange 555 580 
CY3 Red 550 565 
DAPI Green   
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In this study, six kind of bacterial 16S rRNA –targeted oligonucleotide probes  the 
were used. Univ1392 is a general probe to the all known organisms and was used as a 
positive control of hybridization efficiency. Eubmix is a general bacterial probe 
complementary to the region of the 16S rRNA of the all bacteria. In addition to the 
positive control, the None-Eub probe was used used to assess nonspesific binding as a 
negative control. A well was also prepared as lacking a probe to monitor 
autoflorescences.  
All oligonucleotide probes were commercially provided from Qiagen Corporation. 
The probes were obtained as freeze-dried state and resuspended in TE buffer to obtain 
500 ng/ml stock concentration. After suspension, the probes were stored at -20 0C. 
The following steps were applied for FISH analysis: short-term fixation, ethanol 
fixation, hybridization, washing of excess probe, visualization of cells with  
epifluorescence microscope and processing&analysis of images with Image-Pro Plus 
5 sofware.  
Samples that were taken from Marmara Sea were transferred into sterile containers 
with the addition of absolute ethanol (1:1, v/v) on-site. Samples were transferred to 
the laboratory in cool-boxes maintained at 4°C or less. Upon arrival, samples were 
stored at -20°C and fixed within a week.  
250 µl sediment sample-ethanol (1:1 v/v) was centrifuged at 13000 rpm for 3 
minutes and supernatant was discarded. Then it was washed twice with 500 µl 
phosphate buffered saline (PBS). While washing, sample was pulled up and downed 
for 2 min using 2 ml syringe. After washing, it was suspended in 1 ml PBS-absolute 
ethanol (1:1 v/v) and stored  at -20 0C. 
16S rRNA-targeted oligonucleotide probes used in this study and their target 
microbial groups nucleotide sequences  are listed in Table 7.2. Optimal hybridization 
conditions for each probe are also given in Table 7.2. All probes were made, labelled, 






Table 7.2. Optimal hybridization conditions for each probe  





SRB385 All SRB 20% 225 mM 46 0C 48 0C 
SRB129 Desulfobacter 20% 225 mM 46 0C 48 0C 




10% 450 mM 46 0C 48 0C 
SRB660 Desulfobulbus 30% 225 mM 46 0C 48 0C 
SRB687 Desulfovibrio 10% 450 mM 46 0C 48 0C 
EUBMIX Eubacteria 10% 450 mM 46 0C 48 0C 
UNIV1392 All known 
microorganisms 0% 900 mM 46 0C 48 
0C 
 
For each sample hybridization, two negative controls were prepared; one of these 
controls was used to assess nonspecific binding (with Non338 probe), and the other 
(lacking a probe) was used to monitor autofluorescence. In addition to negative controls, 
one positive control was prepared to asses success of cell permeabilization and rRNA 
content of the cells (with universal probe UNIV1392). Whole microbial community in the 
four samples were also stained using DNA stain DAPI to visualize intact cells in the 
samples.     
25 µl of  ethanol fixed sediment sample for each station was taken into ependorf tube 
and firstly washed twice with 500 µl PBS and then miliQ water. After washing, it was 
suspended in 1200 µl miliQ water. 5 µl sample for MD87 station, 10 µl sample for MKC 
station, 15 µl sample for IZ-25 station and 30 µl sample for IZ-17 station (amount of 
samples was experimentally optimized) was added on the teflon-coated slide and dried 
about 20 min at 460C in hybridizer. The slide was dehydrated at room temperature in order 
of  %50, %80 and %96 (v/v) ethanol for 3 min each and ethanol was evaporated. 12 µl 
hybridization buffer (0.9M NaCl, 2mg/ml Ficoll, 2mg/ml Bovine Serum Albumen, 2mg/ml 
polyvinyl pyrrolidone, 5mM EDTA, pH 8.0, 25 mM NaH2PO4, pH 7.0, 0.1% SDS, 5-35% 
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deionised formamide) was added on dehydrated sample and then probe was added to 12 µl 
hybridization buffer. The slide with sample-probe was incubated at 460C hybridization 
temperature for 3 hours. After incubation, 2 µl Dapi was added on each well and stained for 
15 min. Then,  the cells were washed with washing buffer (20 mM Tris-HCl (pH 7.2), 
0.01% SDS, 0-5 mM EDTA and between 0.9 M and 56 mM NaCl according to the formula 
of Lathe) before final wash in miliQ water and air dried.  
Slides were evaluated with an Olympus BX 50 Epifluorescence microscope equipped 
with a 100 W high-pressure mercury lamp and charged coupled device (CCD) camera. Spot 
3.5 software were used while taking images. For each well, 10 random fields of view were 
obtained. In order to determine the relative abundance total microorganisms in each field of 
view, the images of dapi stained cells were taken with dapi filter. The hybridized 
microorganisms within total microorganisms determined with dapi staining were viewed 
from fluorescence images. In this study, Cy3 fluorocrome was used for all probes. Cy3 was 
excited by green light and emitted red fluorescence. For each slide, the negative control 
(autofluorescence) was determined, and the 90th percentile of the fluorescence distribution 
served as a threshold. The percentage of positively hybridized objects, with fluorescence 
above the threshold, per total number of objects detected under phase-contrast illumination 
was dubbed the hybridization percentage. The images were processed and analyzed using 
Image-Pro Plus version 5.1 image analysis software (Media Cybernetics, U.S.A.). Counts 


















CHAPTER 8 RESULTS  
Molecular biological techniques using rRNA-targeted oligonucleotide probes 
have substantial advantages over traditional culture-based methods for 
characterization of natural microbial populations. 
In this study, it was aimed to investigate the distribution of SRB population in 
the Marmara Sea sediments in order to gain an understanding of the dynamics of 
these ecologically important organisms in permanently anoxic systems. In the anoxic 
Marmara Sea sediments, abundant cell aggregates were detected by FISH technique, 
specific for the domain SRB. Specific probes of SRB 385, SRB 814, SRB 129, SRB 
221, SRB 660, SRB 687 were used respectively to determine the sulfate reducing 
bacteria in the Marmara Sea sediments. Positive and negative controls were applied 
simultaneously with hybridization experiments. Positive controls were provided with 
the probes Eubmix and UNIV 1392 specific for bacteria and virtually all known 
organisms, respectively.  
Besides positive controls also two negative controls were used. Noneub probe 
that is not complementary for any known organism was used for negative control. 
Hybridization without a probe was performed as another negative control. In order to 
detect the sulfate reducing bacteria, SRB 385 probe used, firstly, because this probe is 
spesific for all gram-negative SRBs including Desulfobacter, Desulfococcus, 
Desulfosarcina, Desulfobotulus, Desulfobacterium, Desulfobulbus and Desulfovibrio. 
Desulfobacter (SRB 129), Desulfococcus (SRB 814), Desulfosarcina (SRB 814) 
Desulfobotulus (SRB 814), Desulfobacterium (SRB 221), Desulfobulbus (SRB 660),  
Desulfovibrio (SRB 687) were also detected for sediment samples of all stations. 
Desulfovibrio strains respire a wide variety so substrates H2, lactate, pyruvate, ethanol, 
SO32 -S2O32- and H2S. Desulfobulbus propionicus respires propionate, SO32 – and H2S 
(Dannenberg et al., 1992). 
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8. 1. DAPI Staining 
Samples were stained by DAPI to observe intact cell concentration in the anoxic 
sediments. Figure 8.1 shows the some examples of the DAPI stained cells. 
 
       
 
Figure 8. 1 Some examples of the DAPI staining results of the anoxic sediments 
8. 2. Fluorescence in situ Hybridization (FISH) Results 
8. 2. 1. FISH  Results of the Gemlik Bay 
Image examples of important microbial groups in the Gemlik Bay locations were 
given in Figure 8. 2. illustrates the results obtained with fluorescent rRNA targeted 
oligonucleotide probes in the analysis of the changes occurring in the microbial 
composition in the Gemlik Bay locations.. Images of the samples stained with different 
SRB specific probes and corresponding DAPI stained and phase contrast views are 
given in the following figures. Number and composition of methanogenic archaeal 




          
 
 
          
 
Figure 8.2. Image examples of important microbial groups in the sediment of Gemlik 
location a) Fluorescent view of cells hybridized with SRB 385 probe b) DAPI view of 
the same area. c) Fluorescent view of cells hybridized with SRB 814 probe d) DAPI 











            
 
 
Figure 8. 2 (continued). e) Fluorescent view of cells hybridized with SRB 129 probe. f) 
DAPI view of the same area g) Fluorescent view of cells hybridized with SRB 221 probe. 











67%±8% (mean ± standard deviation) of DAPI stained total microorganisms in 
anoxic sediment were detected using universal probe. Relative abundance of bacterial 
cells within the sediment is 51%±9% and relative abundance of sulfate reducing 
bacterial cells is 23±2% according to FISH results.  The relative abundances of 
Desulfobacter spp., Desulfobacterium spp., -Desulfococcus multivorans, Desulfosarcina 
variabilis, Desulfobotulus sapovorans,- Desulfobulbus spp., Desulfovibrionaceae are 
6±1%, 6±0.3%, 9±0%, 3±1%, and 3±1% respectively. 
 
         
 
Figure 8. 2 (continued). i) Fluorescent view of cells hybridized with SRB 687 probe j) 















      
 
 
Figure 8. 2 (continued). k) Fluorescent view of cells hybridized with SRB 660 probe. l) 
DAPI view of the same area m) Fluorescent view of cells hybridized with SRB 804 






          
 
 
             
 
Figure 8. 2 (continued).o) Fluorescent view of cells hybridized with EUBMIX probe p) 
DAPI view of the same area. r) Fluorescent view of cells hybridized with UNIV 1392 








8. 2. 2. FISH  Results of the the Kucukcekmece 
Image examples of important microbial groups in the Kucukcekmece locations 
were given in Figure 8.3. illustrates the results obtained with fluorescent rRNA targeted 
oligonucleoitde probes in the analysis of the changes occurring in the microbial 
composition in the Kucukcekmece locations.. Images of the samples stained with 
different SRB specific probes and corresponding DAPI stained and phase contrast views 




        
 
 
Figure 8.3. Image examples of important microbial groups in the sediment of 
Kucukcekmece location  a) Fluorescent view of cells hybridized with SRB 385 probe    


















          
 
 
Figure 8. 3 (continued). c) Fluorescent view of cells hybridized with SRB 814 probe d) 
DAPI view of the same area. e) Fluorescent view of cells hybridized with SRB 129 









      
 
 
Figure 8. 3 (continued). g) Fluorescent view of cells hybridized with SRB 221 probe. h) 
DAPI view of the same area  
 
 
80%±7% (mean ± standard deviation) of DAPI stained total microorganisms in 
anoxic sediment were determined using universal probe. Relative abundance of bacterial 
cells within the sediment is 70%±16%  and relative abundance of sulfate reducing 
bacterial cells is 21±5% according to FISH results.  The relative abundances of 
Desulfobacter spp., Desulfobacterium spp., -Desulfococcus multivorans, Desulfosarcina 
variabilis, Desulfobotulus sapovorans,- Desulfobulbus spp., Desulfovibrionaceae are 
















        
 
 
Figure 8. 3 (continued). i) Fluorescent view of cells hybridized with SRB 660 probe. j) 
DAPI view of the same area k) Fluorescent view of cells hybridized with SRB 804 probe. 












            
 
 
          
 
Figure 8. 3 (continued). m) Fluorescent view of cells hybridized with EUBMIX probe n) 
DAPI view of the same area. o) Fluorescent view of cells hybridized with UNIV 1392 







           
 
Figure 8. 3 (continued). r) Fluorescent view of cells hybridized with SRB 687 probe. s) 
DAPI view of the same area  
 
8. 2. 3. FISH  Results of the Izmıt Bay (IZ17) 
Image examples of important microbial groups in the Izmıt Bay (IZ17) locations 
were given in Figure 8.4. illustrates the results obtained with fluorescent rRNA targeted 
oligonucleoitde probes in the analysis of the changes occurring in the microbial 
composition in the Izmıt Bay (IZ17)  locations.. Images of the samples stained with 
different SRB specific probes and corresponding DAPI stained and phase contrast views 
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Figure 8.4. Image examples of important microbial groups in the sediment of Izmit Bay 
(IZ17) location  a) Fluorescent view of cells hybridized with SRB 385 probe b) DAPI 
view of the same area. c) Fluorescent view of cells hybridized with SRB 814 probe d) 













          
 
 
Figure 8. 4 (continued). e) Fluorescent view of cells hybridized with SRB 129 probe. f) 
DAPI view of the same area g) Fluorescent view of cells hybridized with SRB 221 probe. 










62%±12% (mean ± standard deviation) of DAPI stained total microorganisms in 
anoxic sediment were determined using universal probe. Relative abundance of bacterial 
cells within the sediment is 73%±15% and relative abundance of sulfate reducing 
bacterial cells is 22±3% according to FISH results. The relative abundances of 
Desulfobacter spp., Desulfobacterium spp., -Desulfococcus multivorans, Desulfosarcina 
variabilis, Desulfobotulus sapovorans,- Desulfobulbus spp., Desulfovibrionaceae are 




        
 
Figure 8. 4 (continued). i) Fluorescent view of cells hybridized with SRB 687 probe. j) 













       
 
 
Figure 8. 4 (continued). k) Fluorescent view of cells hybridized with SRB 660 probe. l) 
DAPI view of the same area m) Fluorescent view of cells hybridized with SRB 804 





         
 
 
        
Figure 8. 4 (continued). o) Fluorescent view of cells hybridized with EUBMIX probe p) 
DAPI view of the same area. r) Fluorescent view of cells hybridized with UNIV 1392 









8. 2. 4. FISH  Results of the Izmıt Bay (IZ25) 
Image examples of important microbial groups in the Izmıt Bay (IZ25) locations 
were given in Figure 8.5. illustrates the results obtained with fluorescent rRNA targeted 
oligonucleoitde probes in the analysis of the changes occurring in the microbial 
composition in the Izmıt Bay (IZ25)  locations.. Images of the samples stained with 
different SRB specific probes and corresponding DAPI stained and phase contrast views 
are given in the following figures. 
 
 
        
 
Figure 8.5. Image examples of important microbial groups in the sediment of Izmit Bay 
(IZ25) location  a) Fluorescent view of cells hybridized with SRB 385 probe b) DAPI 







          
 
 
   
 
 
Figure 8. 5 (continued). c) Fluorescent view of cells hybridized with SRB 814 probe d) 
DAPI view of the same area. e) Fluorescent view of cells hybridized with SRB 129 








   
 
 
Figure 8. 5 (continued). g) Fluorescent view of cells hybridized with SRB 221 probe. h) 
DAPI view of the same area  
 
 
77%±13% (mean ± standard deviation) of DAPI stained total microorganisms in 
anoxic sediment were determined using universal probe. Relative abundance of bacterial 
cells within the sediment is 64%±8% and relative abundance of sulfate reducing 
bacterial cells is 30±3% according to FISH results. The relative abundances of 
Desulfobacter spp., Desulfobacterium spp., -Desulfococcus multivorans, Desulfosarcina 
variabilis, Desulfobotulus sapovorans,- Desulfobulbus spp., Desulfovibrionaceae are 










        
 
 
Figure 8. 5 (continued). i) Fluorescent view of cells hybridized with SRB 660 probe. j) 
DAPI view of the same area k) Fluorescent view of cells hybridized with SRB 804 probe. 








         
 
 
          
 
Figure 8. 5 (continued). m) Fluorescent view of cells hybridized with EUBMIX probe n) 
DAPI view of the same area. o) Fluorescent view of cells hybridized with UNIV 1392 







           
 
 
Figure 8. 5 (continued). r) Fluorescent view of cells hybridized with SRB 687 probe. s) 
DAPI view of the same area  
 
 
Table 8. 1. Quantification Results of the Sediment Samples 
  
Relative abundance of 
detectable cells 
(Univ1322/DAPI count) 
Relative abundance of 
bacterial cells 
(Eubmix/Univ1322) 
Relative abundance of sulfate 
reducing bacterial cells 
(SRB385/Univ1322) 
Gemlik (MD87) 67%±8% 51%±9% 23%±2% 
Kucukcekmece 
(MKC) 80%±7%   80%±12% 21%±5% 
Izmit Bay 
(Iz25)   77%±11% 64%±8% 22%±3% 
Izmit Bay 










Table 8. 2. Relative abundance of microbial groups (%) 
Relative abundance of microbial groups (%)  Microbial group 
(Prob name) Gemlik (MD87)   
Kucukcekmece 
(MKC)  Izmit (IZ-17) Izmit (IZ-25) 
Universal  
(UNIV1392) 67±8 80±7 62±12 77±13 
Eubacteria 
(Eubmix) 51±9 80±16 73±15 64±8 
Tüm SRB’ler 
(SRB385) 23±2 21±5 22±3 30±3 
Desulfobacter spp. 
(SRB129) 6±1 5±1 5±0.3 8±0.3 
Desulfobacterium 








9±0 5±0.3 2±1 8±1 
Desulfobulbus spp. 
(SRB660) 3±1 6±0.2 5±0.3 5±0 
Desulfovibrionaceae 
(SRB687) 3±1 4±0.3 - 5±0.5 
 
Although it is difficult to permeabilize microorganisms in the marine sediments, 
67%±8%, 62%±5%, 77%±11% and 80%±7% of DAPI stained total microorganisms in 
sediments from Gemlik Bay, Izmit Bay (Iz17), Izmit Bay (Iz25) and Kucukcekmece 
respectively were detected using universal probe in this study. According to FISH results, 
relative abundances of bacterial cells within the sediments from Gemlik Bay, Izmit Bay 
(Iz17), Izmit Bay (Iz25) and Kucukcekmece are 51%±9%, 73%±11%, 64%±8% and 
80%±12% respectively.  According to FISH results, relative abundances of sulfate 
reducing bacterial cells within the sediments from Gemlik Bay, Izmit Bay (Iz17), Izmit 
Bay (Iz25) and Kucukcekmece are 23%±2%, 30%±6%, 22%±3% and 21%±5% 
respectively. These results revealed that there are active sulfate reducing bacterial 
populations within the the anoxic sediments from the Marmara Sea. The diversity of 
SRB population showed that the gram-negative SRB dominate sulfate reduction as the 
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terminal oxidation processes and so that widely distributed in the Marmara Sea 
sediments. 
 
8. 3. Results of the Sediments Analysis 
 
Results of total solid (TS) and total volatile solid (TVS) analysis for the locations 
studied are given Table 8.3.  
 
Table 8.3. TS and TVS concentrations of the anoxic sediment samples from the 
Marmara Sea 
Location of the 
Sample TS(mg/ml) TVS(mg/ml) 
Küçükçekmece 
(MKC) 450 31 
Gemlik (MD 87) 444 32 
Izmit Bay (IZ 17) 569 29 
Izmit Bay (IZ 25) 302 7 
 
 
Heavy metal concentrations of the anoxic marine sediment samples are given in 
Table 8.4. 
 




















MD 87 55,15 20,75 < 25 28715 < 10 376 16,3 103,75 164 
MKC 12,9 37,85 < 25 8725 < 10 162 15,5 34,4 177,5 
IZ-17 20,9 18,95 < 25 14990 < 10 487,5 11,9 38,25 125 






Table 8.5. gives total carbon (TC), total inorganic carbon (IC) and total organic 
carbon (OC) contents of the sediment samples.  
 
Table 8.5. Carbon contents of the anoxic marine sediment samples studied 
SAMPLE TC (mg/l)      IC (mg/l) 
TOC(mg/
L) 
MKC 0,283 0,01 0,273 
MD 87 0,199 0,028 0,171 
IZ 17 0,239 0,046 0,193 





















Although it is difficult to permeabilize microorganisms in the marine sediments, 
67%±8%, 62%±12%, 77%±13% and 80%±7% of DAPI stained total microorganisms in 
sediments from Gemlik Bay, Izmit Bay (Iz17), Izmit Bay (Iz25) and Kucukcekmece 
respectively were detected using universal probe in this study. 10-30% of the cells 
stained with SYBR GreenI could not be detected in the sediment samples analyzed. It 
has been reported in a study, most bacteria in marine habitats are small, slow growing, or 
starving and the signal intensities of hybridized bacterioplankton cells were frequently 
below the detection limits or lost in high background fluorescence ( Ince et al., 2006).  
In this study, all target cells generally showed a bright fluorescence signals for 
Desulfococcus group, Desulfosarcina, Desulfobotulus, Desulfobulbus and 
Desulfobacterium indicating high cellular rRNA contents in the samples taken from four 
important points of the Marmara Sea. According to FISH results, relative abundances of 
bacterial cells within the sediments from Gemlik Bay, Izmit Bay (Iz17), Izmit Bay (Iz25) 
and Kucukcekmece are 51%±9%, 73%±11%, 64%±8% and 70%±16% respectively. 
According to FISH results, relative abundances of sulfate reducing bacterial cells within 
the sediments from Gemlik Bay, Izmit Bay (Iz17), Izmit Bay (Iz25) and Kucukcekmece 
are 23%±2%, 30%±6%, 22%±3% and 21%±5% respectively. It was also observed that 
their abundances changed parallel with the organic content. Members of the 
Desulfosarcina/Desulfococcus branch are included in nutritionally versatile SRB that 
oxidize organic compounds (including acetate) completely to CO2, and several species 
can grow autotrophically with CO2, H2 and sulphate. The group have been reported to be 






This study provides information about the diversity of sulfate reducing bacterial  
populations in anoxic sediments of the Marmara Sea using in situ hybridization with 
group-specific fluorescently labeled rRNA-targeted oligonucleotide probes. However, 
much more detailed study should be carried out in order to better define both the 
biodiversity of whole microbial structure in deep marine sediments and ecological 
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